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2. ABSTRACT 

Pancreatic ductal adenocarcinoma (PDAC) is the most common type of pancreatic cancer with 

an overall 5-year survival rate of less than 9%.  Over the past decades, few advances in PDAC 

treatment have been made. Furthermore, approximately 80% of PDAC patients are diagnosed 

at an advanced stage and mostly have no effective treatment options. The high aggressiveness 

of PDAC is associated with increased resistance to conventional therapies, early progression 

to metastatic disease, and a significant recurrence rate. All these aggressive traits are linked to 

the presence of a subpopulation of cancer cells with a greater tumorigenic capacity, generically 

called cancer stem cells (CSCs). CSCs are typically in a quiescent state that, under certain 

stimuli, can proliferate and give rise to a new progeny of tumor cells. Given that a single CSC 

could regenerate the whole tumor, the study of CSCs hallmarks is crucial for the design of new 

therapeutic strategies to prevent cancer progression and relapse. Some studies show that CSCs 

exhibit increased glycolytic rate and decreased mitochondrial function, whereas other studies 

report a dependence of these cells on mitochondrial oxidative phosphorylation, suggesting that 

CSCs likely present a heterogeneous metabolic profile. Metabolic plasticity would not be 

possible without mitochondrial remodelling to maintain cellular homeostasis. Although 

mitochondrial functions are deeply studied in cancer, the role of this organelle in the 

development and maintenance of CSCs has not yet been clarified. To determine the role of 

mitochondria in CSCs over longer periods, which may reflect more accurately their quiescent 

state, we studied the mitochondrial physiology in CSCs at three de-differentiation stages (at 2, 

4, and 8 weeks of culture) using a PDAC cellular model previously described by our group. 

We found that CSCs show a significant increase in mitochondrial mass, more mitochondrial 

fusion, and higher mRNA expression of genes involved in mitochondrial biogenesis than 

parental cells. These changes are accompanied by increased ROS generation, regulation of the 

activities of electron transport chain complexes and  supercomplexes assembly. Furthermore, 

the proteins OPA1 and IF1, which are involved in mitochondrial dynamics and inhibition of 

ATPase synthase, respectively, are overexpressed in CSCs and modulate the tumorsphere 

formation. Finally, we identified that lomerizine, a calcium channel blocker and an inhibitor of 

mitochondrial respiration, exhibits potent anticancer activity, particularly against pancreatic 

CSCs. Our findings indicate that CSCs undergo mitochondrial remodelling during the stemness 

acquisition process, which could be exploited to find vulnerabilities in mitochondrial function 

as a promising therapeutic target against pancreatic CSCs. 
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3. ABBREVIATIONS  

ABCG2 ATP binding cassette subfamily G member 2 
AKT Protein kinase B 
ALDH1 Aldehyde dehydrogenase 1 
ATP Adenosine triphosphate 
B2M Beta-2 microglobulin 
BNGE Blue-native gel electrophoresis 
BRCA Breast cancer type 1 susceptibility protein 
CAFs Cancer-associated fibroblasts 
CAT Catalase 
CDH1 Epithelial cadherin 
CDK4 Cyclin Dependent Kinase 4 
CI Complex I 
CII Complex II 
CII Complex III 
CIV Complex IV 
CSCs Cancer stem cells 
CuZnSOD copper-zinc superoxide dismutase 
CV Complex V 
CXCR C-X-C Motif chemokine receptor 4 
DAPI 4 ',6-diamidino-2-fenilindol 
DCFH-DA 2,7-Dichlorodihydroflurescein diacetate 
DCPIP 2,6-Dichlorophenolindophenol 
DDR DNA damage response 
DM Differentiated-cell medium 
DMEM Dulbecco's modified eagle medium 
DMSO Dimethyl Sulfoxide 
DNA Deoxyribonucleic acid 
DRP1 Dynamin-related protein 1 
EDTA Ethylenediaminetetraacetic acid 
EGF Epidermal growth factor 
EMT Epithelial to mesenchymal transition 
ER Endoplasmic reticulum 
ERK Extracellular signal-regulated kinases 
ERRα Estrogen related receptor α 
ESCs Embryonic stem cells 
ETC Electron transport chain 
FACS Fluorescence-activated single-cell sorting 
FAD Flavin adenine dinucleotide 
FBS Fetal bovine serum 
FDA Food and Drug Administration 
FGF Fibroblast growth factor 
FIS1 Mitochondrial Fission 1 protein 
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FMN Flavin mononucleotide 
GPX Glutathione peroxidase 
GTP Guanosine triphosphate 
HER2 Human epidermal growth factor receptor 2 
HIF-1α Hypoxia-inducible factor 1-alpha 
HSP60 Heat shock protein 60 
IDH1 Isocitrate dehydrogenase 1 
IF1 ATPase Inhibitory Factor 1 
IMM Inner mitochondrial membrane  
IS Intermembrane space 
KPC K-rasLSL.G12D/+; Trp53R172H/+; Pdx-1-Cre 
KRAS Kirsten rat sarcoma 
LC3 Protein 1A/1B-light chain 3 
MAPK Mitogen-activated protein kinases 
MDR1 Membrane-associated protein 
MEFs Mouse embryonic fibroblasts 
MET Mesenchymal–epithelial transition 
MFF Mitochondrial fission factor 
MFN Mitofusin 
MiD49 Mitochondrial dynamics protein of 49 kDa 
MnSOD Manganese superoxide dismutase 
MOPS 3-(N-morpholino) propanesulfonic acid 
mtDNA Mitochondrial DNA  
mTOR Mammalian target of rapamycin 
MTS Mitochondrial-targeting sequence 
NAD Nicotinamide adenine dinucleotide 
ND1* NADH:Ubiquinone Oxidoreductase Core Subunit 1 
NDUFAF1 NADH dehydrogenase 1 alpha complex assembly factor 1 
NF-KB Nuclear factor kappa-light-chain-enhancer of activated B cells 
NIH National Institutes of Health 
NRF2 Nuclear respiratory factor 2  
OCR Oxygen consumption rate  
OCT3/4 Octamer-binding transcription factor 4 
OMA1 Metalloendopeptidase OMA1 
OMM Outer mitochondrial membrane  
OPA1 Optic Atrophy 1 
OXPHOS Oxidative phosphorylation 
PBS Phosphate-buffered saline 
PCG-1α Peroxisome proliferator-activated receptor gamma coactivator 1-

alpha 
PCNA Proliferating cell nuclear antigen 
PDAC Pancreatic ductal adenocarcinoma 
PI3K Phosphoinositide 3-kinase 
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PKA Protein kinase A 
PMSF Phenylmethylsulfonyl fluoride 
POX  Peroxidase 
qPCR Quantitative polymerase chain reaction 
RIPA Radioimmunoprecipitation assay buffer 
RNA Ribonucleic acid 
ROS Reactive Oxygen Species 
RPMI Roswell Park Memorial Institute 
SCs Supercomplexes  
SDHA Succinate Dehydrogenase Complex Flavoprotein Subunit A 
SDS Sodium dodecyl sulphate 
SEM Standard error of the mean 
SOX2 Sex determining region Y-box 2 
SsM Stem-specific medium 
TBST Tris-buffered saline with 0.1% Tween 
TCA The tricarboxylic acid cycle 
TFAM Mitochondrial transcription factor A 
TGF-β Transforming growth factor beta 
TP53 Tumor protein P53 
VEGFA Endothelial growth factor A 
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4. INTRODUCTION 

4.1. Pancreatic ductal adenocarcinoma 

Pancreatic ductal adenocarcinoma (PDAC) is the most common type of pancreatic cancer and 

it is the seventh leading cause of cancer-related death in the world [1]. The 5-year overall 

survival rate at the time of diagnosis is less than 9%, as about 80% of patients present metastatic 

disease [2]. The advances in PDAC treatment have been few over the past decades, with 

surgical resection and neoadjuvant/adjuvant chemotherapy regimens, such as FOLFIRINOX 

and nab-paclitaxel plus gemcitabine, the only therapeutic options. However, these 

combinations provide only modest improvements in survival rate with considerable toxicity 

[3]. Furthermore, because of rapid progression, the absence of specific symptoms, and the lack 

of diagnostic markers, most patients with PDAC are diagnosed when the tumor is unresectable 

[3]. Therefore, new strategies to detect pancreatic tumors at earlier stages and the identification 

of specific therapeutic targets are desperately needed. To achieve the latter, it is necessary to 

understand the alterations and factors that contribute to the development and progression of 

this type of tumor. The main features of PDAC are discussed below, highlighting the 

importance to understand the pancreatic tumor as a heterogeneous population of cancer cells 

with different tumorigenic capacities, metabolic requirements, and chemoresistance profiles. 

4.1.1. Cellular and molecular alterations of pancreatic ductal adenocarcinoma 

Pancreatic tissue is composed primarily of acinar and ductal cells that produce digestive 

enzymes and deliver enzymes into the first section of the small intestine. Altogether, these cells 

execute the exocrine function of the pancreas and represent the starting point from which 

precursor intraepithelial neoplasias arise. These precursor lesions progress in a stepwise 

manner and culminate in the development of pancreatic ductal adenocarcinoma [4]. PDAC is 

characterized by the formation of a dense stroma called desmoplasia. The components of the 

stroma, including collagen, are produced mainly by myofibroblasts known as pancreatic 

stellate cells, which are also responsible for the poor vascularization of the tumor. Other cells 

present in the stroma are endothelial cells, adipocytes, immune and inflammatory cells that 

constitute a dynamic microenvironment involved in the process of tumor formation, invasion, 

and metastasis (Figure 1) [5].  

Genetic alterations mediate the progression from the precursor intraepithelial lesions to more 

severe dysplasia and ultimately to metastatic carcinoma. These alterations include (Figure 1 

A): 
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The inactivation of tumor-suppressor genes CDKN2A and TP53. CDKN2A encodes the 

protein P16, an inhibitor of the cyclin-dependent kinase 4 (CDK4), which prevents progression 

from the G1 to the S phase of the cell cycle. Thus, the inactivation of CDKN2 results in a loss 

of P16 protein and a subsequent increase in cell proliferation [6]. On the other hand, TP53 

encodes the well-recognized tumor suppressor P53. This protein is considered “the guardian of 

the genome” due to its role in preventing genome mutations. The primary result of TP53 

mutations is the loss of wild-type P53 functions, which contributes to genomic instability and 

represents a relevant advantage during tumor development by depriving the cells of DNA 

damage checkpoints and apoptosis signals [5]. Recently, some authors have described 

additional roles of this mutated protein in the tumor microenvironment, adaptation to 

proteotoxic stress, and reprogramming of cell metabolism. In fact, mutp53 may promote 

metabolic plasticity in cancer cells, facilitating their adaptation to nutrient requirements and 

increasing their metastatic capacity [7].   

Deletion of SMAD4. SMAD4 is a protein that serves as the main signal transducer for TGF-β 

cell-surface receptors. The activation of TGF-β induces SMAD accumulation in the nucleus 

and regulates the expression of diverse genes, including collagen, integrin, E-cadherin, and 

others. The TGF-β/SMAD4 pathway functions as a tumor suppressor in benign pancreatic 

epithelial cells by promoting their cell cycle arrest. However, persistent activation of TGF-β 

and the loss of SMAD4 lead to induction of the RAS-ERK pathway in PDAC, which has been 

demonstrated to be involved in many different stages of tumor progression [8]. 

Activation of the KRAS oncogene. RAS proteins are small GTPases that couple cell membrane 

growth factor receptors to intracellular signaling pathways, such as mitogen-activated protein 

kinase (MAPK) and phosphatidylinositol 3-kinase (P13K) that regulate cell growth and 

survival. More than 90% of the precursor intraepithelial lesions of PDAC are characterized by 

point mutations in the KRAS isoform, particularly in codon 12 [5]. These mutations produce a 

RAS protein that is constitutively active, resulting in the activation of proliferative and 

antiapoptotic signaling pathways in the absence of stimulation. In the past decade, numerous 

studies have shown that KRAS plays an important role during the adaptation of cancer cell 

metabolism, supporting the biosynthetic requirements of the tumor cells and maintaining redox 

homeostasis [9]. Therefore, it is not surprising that the inhibition of the effector metabolic 

pathways activated by KRAS can be exploited for therapeutic purposes. 
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Figure 1. Genetic alterations and components of pancreatic ductal adenocarcinoma (PDAC). 
(A) Main genetic alterations associated with the origin and progression of PDAC. (B) PDAC tumors 
are composed of different types of cells that constitute a dynamic microenvironment involved in the 
process of tumor formation, invasion, and metastasis. Of note, a small group of cells known as cancer 
stem cells (CSCs) are considered key players during metastasis and tumor relapse. 

4.1.2. Metabolism of pancreatic ductal adenocarcinoma  

One of the most important metabolic hallmarks of cancer cells is the upregulation of glycolysis 

even in the presence of oxygen, known as the Warburg effect [10,11]. The “aerobic glycolysis” 

provides several intermediates necessary for the synthesis of macromolecules required for rapid 

proliferation. It also contributes to maintaining the redox balance and enhances the invasion of 

cancer cells [12]. Initially, the upregulation of glycolysis was assumed to be a consequence of 

mitochondrial impairment. However, this view has been re-evaluated based on further studies 

demonstrating that tumor mitochondria do respiration and ATP production [13–15]. The idea 

that cancer cells switch from oxidative phosphorylation to glycolysis has also been challenged 

by the evidence that cancer cells display distinct metabolic requirements, which are determined 

by genetic background and tumor microenvironment [16]. 

In the case of pancreatic adenocarcinoma, even in the same patient, the primary tumor and 

metastatic lesions may exhibit different gene expression and metabolic alterations [17,18]. In 
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pancreatic cancer cells, various genetic alterations are considered responsible for metabolic 

rewiring, especially in the modulation of mitochondrial function to support carcinogenesis. 

Among the most relevant of these alterations are the oncogenic mutations of KRAS [9]. These 

mutations render KRAS constitutively active, promoting tumor growth and evasion of immune 

destruction. Cells carrying KRAS mutations are characterized by increased glucose uptake and 

flux through glycolysis due to KRAS-dependent regulation of glycolytic enzyme expression. 

This glycolytic phenotype correlates with a worse prognosis in patients with PDAC [9].  

Furthermore, KRAS-driven cancer cells modulate total mitochondrial content by inducing 

mitophagy. In this process, cells recycle tricarboxylic acid (TCA) cycle metabolites required 

for biosynthesis and bioenergetics pathways [19]. Activation of KRAS leads to a decrease in 

oxygen consumption and an increase in the generation of reactive oxygen species (ROS), 

possibly due to a decrease in the expression of NDUFAF1 (NADH dehydrogenase 1 alpha 

complex assembly factor 1) [20]. Mitochondrial ROS are essential for tumor progression in 

mouse models, but in turn, mitophagy prevents excessive levels of ROS and removes damaged 

mitochondria. This apparent mitochondrial dysfunction associated with KRAS mutations 

might be compensated by the upregulation of other proteins such as OPA3, which promotes 

and maintains cellular metabolism [21].  

So far, it is clear that all these metabolic alterations modulate aggressiveness and response to 

therapy in PDAC tumors [22]. In fact, Krasinski and colleagues recently reported that a 

classification of pancreatic cancer according to metabolic subgroups (quiescent, oxidative, 

glycolytic, and mixed) could predict the prognosis of the disease. For example, a glycolytic 

subtype is associated with poor survival in patients with PDAC [23]. Thus, targeting metabolic 

pathways of PDAC provides promising therapeutic opportunities for personalized medicine. 

4.1.3. The aggressiveness of pancreatic ductal adenocarcinoma 

As mentioned at the beginning, PDAC is one of the most aggressive solid malignancies. The 

high aggressiveness of PDAC is associated with an early progression to metastatic disease, 

increased resistance to conventional therapies, and a significant recurrence rate. Metastatic 

dissemination occurs commonly to adjacent organs, such as the gallbladder and the liver [24].    

One of the requirements to initiate metastasis is the transition of epithelial cells to motile 

mesenchymal cells, a process known as epithelial-mesenchymal transition (EMT). In PDAC 

cells, this process is mainly induced by TGF-β through the activation of target genes, e.g. 

SLUG, SNAIL1, and TWIST [24]. On the other hand, resistance to chemotherapy in PDAC cells 
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is mediated by diverse mechanisms, including the reduction of drug transporters and 

inactivation of enzymes that participate in the metabolism of drugs, among the others 

deoxycytidine kinase, which is indispensable for intracellular activation of gemcitabine (a drug 

used as standard first-line treatment for PDAC patients) [25]. Finally, recurrence in pancreatic 

cancer after successful treatment of the primary tumor is primarily attributable to a 

phenomenon called dormancy. Tumor dormancy is a stage in which cancer cells exist in a 

quiescent state for long time until the microenvironment, an active immune response, or 

limitations in blood supply trigger their proliferation to form a new tumor, which is generally 

more aggressive than the previous one [26].    

Most interesting, recent studies demonstrate that all these aggressive traits are linked to the 

presence within the tumor of a subpopulation of cancer cells with a greater tumorigenic 

capacity, generically named cancer stem cells (CSCs) or tumor-initiating cells [27,28]. The 

next section describes the main features of these cells and their role in the development and 

progression of PDAC.  

4.2. Pancreatic cancer stem cells  

Over the last two decades, compelling evidence has shown that solid tumors are composed of 

heterogeneous populations of cells with different proliferative and differentiation capabilities 

[28]. Within these subpopulations, cancer stem cells (CSCs) represent a group of cells in a 

quiescent state that can self-renew by asymmetric division, differentiate into the different 

lineages of cancer cells, and give rise to a new tumor when they are transplanted [27,28]. CSCs 

can also colonize distant sites from the primary tumor, contributing to metastasis, the leading 

cause of cancer mortality [28]. Furthermore, these cells are particularly resistant to 

conventional therapies, such as radiotherapy, chemotherapy, and even immunotherapy, 

possibly due to their slow cycle, overexpression of multiple drugs transporters, greater DNA 

repair capacity, and more resistance to mitochondria-mediated cell death than other cells 

[29,30]. Given that a single CSC could regenerate the whole tumor, the study of CSCs 

characteristics is crucial for the design of new therapeutic strategies to prevent cancer 

progression and relapse. 

4.2.1. Detection and isolation of pancreatic cancer stem cells 

Pancreatic cancer stem cells represent only a small percentage of the total number of cells in 

the tumor mass, making their detection, isolation, and study really challenging [30]. Currently, 

CSCs can be detected using antibodies against some cell surface markers (e.g., CD44, CD24, 



13 
 

ESA, CD133, CXCR4) by cell sorting (Figure 2) [31]. In addition to these markers, other 

internal properties have been used to detect and isolate CSCs, including high levels of aldehyde 

dehydrogenase 1 (ALDH1) activity, low activity of the 26S proteasome, and autofluorescence 

by flow cytometry [30,32]. However, none of these markers seems to identify uniquely CSCs, 

likely due to the high level of heterogeneity of these cells that originates from their genotypic 

and phenotypic plasticity [33]. After sorting CSCs based on markers expression, these cells in 

culture quickly re-establish their pre-sorting heterogeneity within 3 days in culture [34]. As a 

result, numerous groups have tried to develop methods that could facilitate a long-term CSCs 

enriched culture [33–35]. For instance, our group recently reported that growing pancreatic 

cancer cells for 8 weeks in a stem-specific medium progressively increased the expression of 

the stem, EMT, and quiescence markers [35]. This type of cell model represents an interesting 

platform to characterize CSCs features that could lead to the identification of new therapeutical 

targets against CSCs.  

4.2.2. Chemoresistance mechanisms of pancreatic cancer stem cells 

Currently, it is well accepted that CSCs are resistant to conventional treatments and are 

responsible for cancer metastasis and tumor relapse after clinical remission in different types 

of cancer [30]. In the case of PDAC, some authors have reported that pancreatic cancer cell 

lines show typical properties of EMT when they are grown in a culture medium containing 

gemcitabine. In addition, these gemcitabine-resistant cells expressed an increased level of cell 

surface markers associated with stemness, including CD24, CD44, CD133, and ESA [36]. 

Similar results were reported in human primary pancreatic cancer xenografts treated with 

ionizing radiation [37]. These studies demonstrate that chemotherapy and radiotherapy can 

eliminate most of the bulk cancer cells, whereas the CSC-enriched population survives and 

develops chemoresistance during the treatment. There are different cellular mechanisms 

proposed to explain this drug resistance phenotype, some of which will be briefly discussed 

below (Figure 2). 

Activation of pathways related to stemness. Growing evidence suggests that some signaling 

pathways such as Wnt/β-catenin, Hedgehog, Notch, and TGF-β, which are upregulated in 

CSCs, may contribute to chemoresistance [30]. For example, Wnt signaling can promote DNA 

damage response, while β-catenin can activate the expression of survivin that is known to 

protect the pancreatic cancer cell lines in response to apoptotic agents [38]. 
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Overexpression of ABC transporters. These transporters are widely known as mediators of 

chemoresistance in different types of tumors. In pancreatic CSCs, overexpression of ABCG2 

and multidrug-resistant protein 1 (MDR1) allows an efficient efflux and elimination of the 

chemotherapeutic agents [30]. Most interestingly, ABCG2 also facilitates the accumulation of 

toxic agents within the cytoplasmic vesicles in CSCs of primary tumors [32].  

Cell quiescence. One of the characteristics of CSCs is their quiescent state, where cells are 

maintained in the G0/G1 phase, this means that CSCs divide in response to physiological 

stimuli or do not divide at all [39]. Because most chemotherapeutic agents target proliferating 

cells, these drugs have a minimal effect on CSCs [29].  

Resistance to DNA damage. Currently, radiotherapy and some drugs such as cisplatin, 

eliminate cancer cells by promoting DNA damage. It has been reported that CSCs have an 

elevated DNA damage response (DDR) compared to bulk cancer cells [40]. Indeed, CSCs 

spheroids from HPAC and Panc1 show a significantly higher expression of DNA repair genes, 

such as BRCA1 and RAD51, compared to parental cells [41]. 

Cellular plasticity. This feature is defined as the ability of CSCs to undergo phenotypic and 

molecular changes including differentiation, de-differentiation, and trans-differentiation within 

a hierarchical order [42]. These changes occur in response to microenvironmental signals, 

genetic alterations, or stress-induced by therapeutic agents, contributing to increase cell 

heterogeneity and chemoresistance [42]. In PDAC, the presence of CSCs at different stages 

has been extensively documented in the solid tumor [43], but also as circulating cells [44].  All 

of these CSC subpopulations display a certain degree of cell plasticity and could regenerate the 

tumor and participate in cell migration/invasion [30]. The heterogeneity of CSCs represents a 

big challenge for the identification of drugs that may be effective for their elimination, so it is 

necessary to develop new models that reflect their different stages during the process of 

stemness acquisition.  
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Figure 2. Pancreatic cancer stem cells and their chemoresistance mechanisms. Pancreatic CSCs 
can be detected using antibodies against some cell surface markers by cell sorting. CSCs can self-
renew by symmetrical division resulting in two CSCs or differentiate into cancer cells by 
asymmetrical division. During the process of differentiation, CSCs give rise to “transient-hybrid 
CSCs” with less tumorigenic potential but with the capacity of reprogramming into CSCs. Pancreatic 
CSCs have specific characteristics that give them numerous advantages to resist conventional 
therapies. 

4.2.3. Metabolism of pancreatic cancer stem cells   

In the last few years, it has been claimed that the metabolic adaptability of CSCs is fundamental 

to maintain continuous self-renewal capability and to avoid chemotherapeutic elimination [42]. 

However, the metabolism of CSCs remains controversial, possibly because it could depend on 

the type of tumor and on the intrinsic heterogeneity of the CSC subpopulation [42,45]. In fact, 

some authors have reported that CSCs from glioblastoma [46], nasopharyngeal carcinoma [47], 

and breast cancer [48] preferentially rely on a glycolytic metabolism with an increased 

expression of enzymes involved in this pathway. Glycolytic metabolism reduces ROS 

production and provides intermediate substrates that can be used for CSCs proliferation [49].  

In contrast, other authors have reported that CSCs from pancreatic [50], lung [51], and ovarian 

cancer [52] rely on oxidative phosphorylation (OXPHOS) metabolism with an increase in 

mitochondrial mass and function. Additionally, recent publications evidence that CSCs from 

the same cancer type show different metabolism, revealing that the surrounding 

microenvironments could be critical to define the nutrient requirement and metabolic profile 
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of CSCs [45]. For instance, stromal cells can secrete metabolic intermediates that are used by 

CSCs in metabolic pathways, for example the TCA cycle [53]. Interestingly, in breast tumors, 

cancer-associated fibroblasts (CAFs) can transfer mitochondrial DNA (mtDNA) to CSCs, 

leading to the activation of mitochondrial function [54]. Taken together, these reports clearly 

evidence the metabolic heterogeneity of CSCs, which could be crucial for their survival, 

particularly under stress conditions, including chemotherapy.  

In the case of PDAC, most of the reports point out that pancreatic CSCs are highly dependent 

on OXPHOS metabolism [30]. Already in 2014, it was identified that a subpopulation of 

dormant cancer cells responsible for tumor relapse exhibited a high expression of genes 

involved in mitochondrial function, as well as an increase in OXPHOS metabolism [55]. Later, 

Sancho et al. observed that pancreatic cancer stem cells rely on mitochondrial function for 

energy production. This metabolic dependence has been shown to be regulated by the 

expression of PCG-1α, which plays a key role in mitochondrial biogenesis [50]. On the other 

hand, the same research group also identified the presence of a subset of pancreatic CSCs with 

reduced mitochondrial mass and resistance to mitochondrial inhibitors, demonstrating the 

metabolic heterogeneity in CSCs from pancreatic tumors [43,56]. In addition, Nimmakayala et 

al. demonstrated that pancreatic CSCs adapt specific metabolic profiles according to the organ 

that colonize during metastasis [57]. For example, liver metastasis showed CSCs with aerobic 

glycolysis metabolism, whereas lung metastasis displayed CSCs with oxidative metabolism 

[57]. Recently, our group also revealed this metabolic plasticity in an in vitro model of 

gradually de-differentiated CSCs derived from PDAC cell lines [35]. Basically, these cells shift 

their metabolism from a glycolytic to an oxidative one and lastly gain a quiescent state. These 

quiescent cells can re-start to proliferate and re-activate the metabolic machinery accumulating 

lactate, a typical sign of high aggressiveness [35]. This metabolic plasticity of CSCs may 

represent a big obstacle to the use of specific metabolic inhibitors.  

CSC metabolic rewiring would not be possible without mitochondrial remodelling to maintain 

cellular homeostasis. Indeed, the virtual dependence of pancreatic CSCs on OXPHOS 

metabolism renders the mitochondrion a possible target to develop new therapeutic strategies 

against PDAC [30,49].  In the next section, the role of mitochondria in pancreatic cancer will 

be explained, emphasizing the interplay between bioenergetics and mitochondrial dynamics 

during the tumor progression.  
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4.3.  Mitochondria  

Mitochondria are key organelles involved in several functions within the cell. These functions 

include the regulation of programmed cell death, calcium homeostasis, fatty acid oxidation, 

and cell signaling. However, the most important role of mitochondria is the production of ATP, 

which maintains the energetic metabolism [58]. This organelle has an outer mitochondrial 

membrane (OMM) in contact with the cytosol that is permeable to ions and molecules under 6 

kDa of size. Inside of the outer membrane, and separated by the intermembrane space, lies the 

inner mitochondrial membrane (IMM), which contains a central space named matrix. IMM 

presents membrane invaginations named mitochondrial cristae that harbor respiratory chain 

complexes (structures necessary for oxidative phosphorylation) (Figure 3 A) [59]. The lipid 

bilayer of IMM contains a high proportion of cardiolipin, a phospholipid that does not exist in 

other membranes that helps to make the membrane impermeable to ions [58].  The matrix is 

the site where protein biosynthesis, mtDNA replication, and the Krebs cycle take place. 

MtDNA encodes for 13 subunits of the electron transport chain complexes (ETC), 2 ribosomal 

RNAs, and 22 transfer RNAs [59].  

The numerous functions of mitochondria make them pivotal organelles during adaptation of 

tumor cells under adverse conditions, such as hypoxia, nutrient depletion, and chemotherapy, 

making mitochondria function an interesting therapeutical target [60,61]. Indeed, the old view 

about a possible mitochondrial impairment as a cause of cancer has been re-bated by different 

authors, who explain the importance of oxidative phosphorylation and eventually of an active 

mitochondrion, as a central energy source for some types of tumors, including PDAC [30,62]. 

The study of OXPHOS mechanisms that contribute to tumor progression represents an 

attractive field of research. Some of these mechanisms and how mitochondria participate in 

energy production are discussed below. 

4.3.1. Electron transport chain and oxidative phosphorylation 

In biological oxidations, the hydrogens obtained from the substrates are gradually transferred 

through different acceptors, such as NAD and FAD, which undergo reversible changes in their 

redox state (Figure 3 B). These acceptors are organized according to the potential gradient and 

are closely associated with a series of transmembrane protein complexes in the mitochondrial 

inner membrane that catalyze the transfer reactions [58]. While the electrons pass through the 

electron transport chain complexes, protons are pumped from the mitochondrial lumen into the 

intermembrane space, forming a proton gradient across the IMM. The protons go back from 

the intermembrane space into the mitochondrial matrix through ATP synthase, also called 
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complex V, favoring ATP synthesis. The terminal electron acceptor is oxygen [58,63]. Except 

for cytochrome C (located on the outer face of the IMM) and ubiquinone (located in the 

membrane lipid bilayer), the rest of the components of the ETC are organized into five 

complexes (Figure 3 B) [58]: 

Complex I (CI) corresponds to NADH-ubiquinone reductase. The complex is composed of 

seven Fe-S centers and the coenzyme flavin mononucleotide (FMN). The coenzyme FMN of 

the complex receives reduction equivalents and then the electrons are transferred to coenzyme 

Q (ubiquinone).  

Complex II (CII) is also known as a succinate-ubiquinone reductase. It is composed of three 

Fe-S centers.  Its function is to transfer electrons from succinate to coenzyme Q.  

Complex III (CIII) or ubiquinone-cytochrome c reductase. This complex is composed of 

cytochrome c1, b562, b566, and a Fe-S center. Its function is to transfer electrons from ubiquinone 

to cytochrome c.  

Complex IV (CIV) is also known as cytochrome oxidase. This complex is composed of two 

Cu atoms and cytochromes a and a3. CIV catalyzes the reduction of O2 to H2O. 

ATP synthase or Complex V (CV). This complex contains 9 polypeptides, where the catalytic 

subunit (F1 portion) is bound to the membrane by the protonic channel (F0 portion) that is 

embedded in the lipid bilayer. The return of protons from the intermembrane space into the 

mitochondrial matrix can only occur through ATP synthase. This complex binds Pi to ADP to 

form ATP, thanks to the energy released by the flow of protons [58]. 
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Figure 3. Mitochondrial electron transport chain (ETC). A. Mitochondria structure and key 
functions dependent on mitochondria are listed. B. ETC is composed of a series of transmembrane 
proteins in the IMM, known as complex I (CI), complex II (CII), complex III (CIII), complex IV 
(CIV), complex V (CV or ATP synthase), coenzyme Q10 (CoQ), and cytochrome c (Cyt C). The 
ETC utilizes the energy in form of the reducing equivalents (NADH and FADH) coming from the 
tricarboxylic acid cycle, generating a proton gradient across the inner mitochondrial membrane 
(IMM). The protons go back from the intermembrane space into the mitochondrial matrix through 
ATP synthase, also called complex V, driving the synthesis of ATP. The terminal electron acceptor 
is oxygen. C. Example of one of the existing supercomplex composed of CI, CIII2 (complex III 
dimers), and complex IV. The electron carriers (CoQ and Cyt C) are also indicated.  

4.3.2. Respiratory chain supercomplexes: function and assembly 

The organization of the respiratory chain complexes in the mitochondrial inner membrane has 

attracted the attention of different scientists during the last decades. Initially, a “fluid model” 
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has been proposed in which the complexes diffuse freely in the membrane, and both 

cytochrome C and coenzyme Q move without any restriction [64]. In contrast, another “solid 

model” predicts that respiratory enzymes that catalyze individual reactions associate with each 

other to form single units now known as respiratory supercomplexes (SCs) (Figure 3 C) 

[64,65]. The formation of these SCs was demonstrated three decades ago using blue native gel 

electrophoresis (BNGE) [66]. The assembly of stable SCs has been reported in plants, yeast, 

bacteria, and mammalian cells [64]. In fact, in mitochondria can be identified SCs with varying 

stoichiometry including CI-CIII-CIV, CI-CIII, and CIII-CIV. Interestingly, about 90% of CI is 

found in supercomplexes, whereas CII and CV do not participate in mitochondrial 

supercomplex formation [64]. 

The function of SCs in cell physiology is beginning to emerge, especially since some genetic 

diseases related to alterations in complex subunits and SCs assembly factors always lead to 

drastic phenotypes, especially neurodegenerative disorders [65]. The main role of SCs may be 

to maximize the flux of electrons across the ETC, probably through a mechanism of substrate 

channelling. For example, in yeast and bovine mitochondria, CI and CIII form a single unit 

where electron transfer occurs through a channel between the two complexes avoiding 

coenzyme Q mobilization in the membrane [67]. These structures may also reduce electron 

leakage and, consequently, decrease the production of ROS. Moreover, SCs help to stabilize 

the assembly of individual complexes and prevent protein aggregation in the IMM (Figure 3 

C)  [68]. Despite the advances in recognizing the structure of these multi-enzyme assemblies, 

it is worth mentioning that the function of SCs in normal cells is still incipient and represents 

almost an unexplored field in cancer. 

4.3.3. Electron transport chain complexes and pancreatic cancer 

The ratio of supercomplexes to free complexes can have an impact on cellular metabolism. In 

fact, cancer cells can adapt their metabolism to different microenvironmental conditions by 

changing the organization of ETC complexes. The inhibition of SCs assembly promotes 

glycolytic metabolism in different types of cancer [69]. The most well-known alterations in 

SCs organization are associated with mutations in subunits of the complex I, considering that 

this complex is found mainly in SCs. For example, mutations in the subunit ND2 favor 

glycolysis and confer tumorigenic potential to cancer cells [70], while downregulation of 

NADH:Ubiquinone Oxidoreductase Core Subunit S1 (NDUFS1) in drug therapy increases 

chemoresistance and aggressiveness [71]. In contrast, SCs assembly could also be enhanced by 

oncogenes such as HER2 in breast cancer, and KRAS in pancreatic cancer cells [69]. This 
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mechanism could be an intrinsic defence to limit electron leakage and ROS overload.PDAC is 

characterized by poor vascularization and a dense stroma, resulting in a significant hypoxic 

microenvironment. Despite these harsh conditions, pancreatic cancer cells maintain active 

mitochondria and the oxidative metabolism necessary for the biosynthesis of metabolites for 

tumor proliferation [30]. Hollinshead et al. demonstrated that PDAC cell lines maintain 

OXPHOS during hypoxia by increasing mitochondrial supercomplexes assembly. Indeed, 

inhibition of SCs assembly abolishes the PDAC cell lines growth and tumor formation in vivo 

[18]. Similar results were obtained in a model of breast and endometrial cancer [72]. Another 

study found that phenformin, a complex I inhibitor, overcomes the gemcitabine 

chemoresistance in high OXPHOS pancreatic cancer cell lines [73]. These studies suggest that 

disrupting SCs assembly and targeting mitochondrial bioenergetics may have therapeutic 

applications for PDAC. 

4.3.4. Reactive oxygen species (ROS) and pancreatic cancer 

Another process closely related to ETC and mitochondria oxygen consumption is the 

generation of ROS. Basically, the last stage of ETC is the reduction of an oxygen molecule by 

the transfer of 4 electrons (O-2)2. However, partial reduction of oxygen generates superoxide 

anion (O2
-) or hydrogen peroxide (H2O2) [58]. The superoxide anion is produced mainly in the 

CI and CIII. ROS generated by CI are released in the mitochondrial matrix, while those 

produced by CIII are mostly released into the intermembrane space [74]. The interaction 

between O2
- and H2O2 forms the hydroxyl radicals, which have toxic effects on different 

components of the cells, such as DNA, protein, and lipids. The cell counts with different 

enzymes as defense mechanisms against ROS excess. For example, superoxide dismutase 

eliminates the superoxide anion, catalase contributes to eliminating hydrogen peroxide, and 

glutathione peroxidase is involved in the reduction of organic hydroperoxides and hydrogen 

peroxide [58,74].  

Under physiological conditions, low levels of ROS have relevant functions on cell 

proliferation, differentiation, and cell death. Moreover, ROS can function as secondary 

messengers at specific concentrations and locations, regulating global processes within cells 

such as cell cycle, migration, and angiogenesis [75]. These biological processes are pivotal in 

cancer, where a balance between ROS production and ROS response provides a survival 

advantage. About pancreatic cancer, oncogenic KRAS participates in ROS production by 

regulating hypoxia-inducible factor 1 (HIF-1α) and transferrin receptor, the last one has been 

found overexpressed in PDAC [76]. The importance of ROS in PDAC has been demonstrated 
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in vivo models of mice, where the depletion of ROS using antioxidants leads to a significant 

decrease in the formation and progression of pancreatic lesions [77]. Interestingly, to 

compensate for the excess of ROS, the same oncogenic KRAS can induce the expression of 

nuclear respiration factor (NRF2), a transcription factor that regulates different antioxidant 

genes. NFR2 activity in PDAC can also be enhanced by somatic mutations that affect the 

interaction with its inhibitor (keap1) [76,77].  

In the case of cancer stem cells and similarly to embryonic stem cells (ESCs), low ROS levels 

could be a strategy to maintain stem-like profiles and avoid DNA damage [75]. In breast CSCs, 

low levels of ROS are associated with increased activity of free radicals scavenging systems. 

In fact, the inhibitors of these scavengers significantly increased sensibility to radiotherapy in 

breast CSCs [78]. However, some studies have found that ROS are fundamental during EMT 

due to their crosstalk with different cell signaling pathways. For example, ROS act as key 

players in TGF-β induced EMT by activation of MAPK and subsequently activation of SMAD 

pathway [79]. Furthermore, it has been reported that in spheroids from lung and colon cancer, 

loss of anchorage in culture (a hallmark of cancer stem cells) enhances the generation of ROS 

accompanied by changes in glucose and glutamine metabolism [80]. Interestingly, the 

acquisition of stem properties in pancreatic cancer by gemcitabine treatment is mediated by 

ROS and activation of NF-KB [81]. Jagust et al recently found that primary pancreatic CSCs 

show increased glutathione content, which correlates with stem-like phenotype and 

chemoresistance in these cells [82]. To summarize, these studies demonstrate that a delicate 

balance between ROS production and antioxidant response is crucial for the survival of CSCs 

within the tumor.  

4.4. Mitochondria dynamics 

Mitochondria are not rigid structures, instead, they have a high degree of shape modifications 

and their subcellular distribution is always changing according to the requirements of the cell. 

Under certain circumstances, mitochondria can combine to form networks (fusion), whereas in 

other conditions mitochondria can divide into small fragments (fission). In terms of energy 

demand, fragmented mitochondria are associated with a nutrient-rich environment, whereas 

elongated mitochondria are related to starvation (Figure 4) [83]. In fact, mitochondrial 

elongation leads to an increase in energetic efficiency, in order to maintain ATP production 

when the availability of nutrients is limited [84]. In addition to content mixing, mitochondrial 

dynamics allows the selective removal of dysfunctional mitochondria, ensuring a healthy 

population of mitochondria in the cell, mainly through mitophagy. The balance between fusion 
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and fission is involved in cell death, calcium homeostasis, cell respiration, and autophagy. 

Alterations in mitochondrial dynamics have been associated mainly with neuropathies and 

neurodegenerative diseases, such as Parkinson’s and Alzheimer’s disease [85]; however, the 

studies of mitochondrial dynamics in metabolic diseases and cancer have increased 

considerably during the last decade, attributing a potential role in the origin and progression of 

these pathologies [62]. A deeper investigation of the molecular mechanisms underlying the 

alterations in the balance of fission/fusion might contribute to the identification of potential 

therapeutic targets for the development of new treatments in cancer. The main players in this 

process are discussed below, emphasizing how fusion/fission can impinge on the progression 

of pancreatic cancer. 

4.4.1. Mitochondrial fusion 

Mitochondrial fusion is the binding of two mitochondria into one larger. This merge implies 

that both outer membrane and inner membrane fuse, while the matrix components mix to form 

a new mitochondrion. This process mainly requires three GTP-hydrolysing enzymes of the 

dynamin family: the mitofusins, MFN1 and MFN2 are required for OMM fusion, whereas 

Optic Atrophy 1 (OPA1) is involved in the IMM fusion (Figure 4). The function of both 

mitofusins is essential for embryonic development because mice deficient either MFN1 or 

MFN2 die in midgestation [86]. Nevertheless, the overexpression of MFN1 or MFN2 in 

fibroblasts deficient of MFN2 or MFN1, respectively, can restore the mitochondrial network, 

proving that these proteins have redundant functions to promote mitochondrial fusion [86]. The 

expression of mitofusins is regulated by transcription factors involved in mitochondrial 

biogenesis and oxidative phosphorylation. For instance, PGC1β induces the expression of 

MFN2 at the transcriptional level by coactivating the nuclear receptor Estrogen Related 

Receptor α (ERRα) [87]. In addition to its role as a mitochondrial fusion protein, the importance 

of MFN2 in oxygen consumption and the activity of ETC complexes has been widely 

documented in muscle and liver cells [88–90]. However, it has been reported that, in the long-

term, MFN2 knockout cells can develop adaptive mechanisms that allow maintaining the 

function of OXPHOS, showing that MFN1 might compensate for the loss of MFN2 to maintain 

energy metabolism [91]. In addition, MFN1 (but not MFN2) is required to promote OPA1-

driven mitochondrial fusion in mouse embryonic fibroblasts (MEFs) [92].  

On the other hand, OPA1 has eight variants in humans, resulting from differential splicing of 

exons 4, 4b, and 5b [93]. The protein structure that includes S1 and S2 proteolysis sites is 

encoded by exon 5 and 5b, respectively. In addition, OPA1 has a mitochondrial-targeting 
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sequence (MTS) that determines its location in the inner membrane. Removal of MTS during 

import into the mitochondrial matrix produces the long (L) isoforms, which are anchored to 

the inner membrane, with most of the protein facing the intermembrane space (IS). These L-

isoforms are processed by OMA1 and YME1L in the S1 and S2, respectively, to generate short 

isoforms. These short isoforms do not have an anchor domain and could be soluble in the IS, 

but they are bound to long-isoforms to modulate mitochondrial fusion [94,95]. The study of 

the individual OPA1 isoforms shows that, in general, long isoforms are more related to the 

maintenance of mitochondrial fusion, whereas short isoforms are more essential for energy 

efficiency [96]. Interestingly, for a complete restoration of mitochondrial network morphology, 

the balance of both long and short isoforms is necessary [97,98]. 

4.4.2. Mitochondrial fission 

Mitochondrial fission or mitochondrial division is primarily mediated by DRP1, which is 

another large dynamin-related GTPase protein (Figure 4). This protein moves from the cytosol 

to the outer mitochondrial membrane where it binds to its receptors (FIS1, MiD49, MiD51, and 

MFF) to initiate the mitochondrial constriction and, as a result, the division of a mitochondrion 

into two smaller ones. It has been widely reported that mitochondria should establish contact 

with endoplasmic reticulum (ER) tubules before DRP1 recruitment [99]; in fact, the ER plays 

an active role in defining the mitochondrial fission sites, which together with the actin 

cytoskeleton allows membrane constriction [59]. The function of DRP1 is tightly regulated by 

post-translational modifications, where the phosphorylation mechanism is the most studied. 

Indeed, it has been demonstrated that phosphorylation at Ser616 by ERK2 stimulates 

mitochondrial fission [100], whereas the phosphorylation at                                                                                                                                                                                              

Ser637 by PKA decreases DRP1 GTPase activity and leads to mitochondrial elongation [101]. 

In contrast, the role of DRP1 outer membrane receptors in the mitochondrial division is less 

clear. A conditional knockout model of FIS1 in colon carcinoma cells showed that FIS1 is 

dispensable for mitochondrial fission [102], although it can act in sequence with MFF at ER-

mitochondrial sites, favoring some types of mitophagy [103]. Either MiD49 or MiD51 can 

mediate DRP1 recruitment in the absence of MFF or FIS1 [104], but their overexpression has 

been shown that increase mitochondrial elongation due to sequestration and inactivation of 

DRP1 on the mitochondrial outer membrane, blocking mitochondrial fission [105]. Altogether, 

these studies demonstrate that multiple proteins can bind and recruit DRP1, thus displaying an 

effect on mediating mitochondrial division. 
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Figure 4. Mitochondrial dynamics. The mitochondrial shape is always changing according to cell 
requirements. For example, fused organelles favor the exchange of matrix content and an increase in 
ATP production. By contrast, fragmented mitochondria are associated with mitophagy and ROS 
production. Mitochondrial dynamics are regulated by different proteins e.g., the cytoplasmic protein 
DRP1 is the main regulator of mitochondrial fission, whereas mitochondrial proteins OPA1 and 
mitofusins regulate the fusion process. 

4.4.3. Mitochondrial fusion in pancreatic cancer  

Although PDAC cells generally exhibit abnormally fragmented mitochondria due in part to the 

expression of the KRAS oncogene, as described above, the role of mitochondrial fusion in this 

type of tumor remains controversial. Indeed, since mitochondrial fusion is more commonly 

observed in normal tissue in comparison to tumoral ones, some authors have hypothesized that 

the induction of this process could balance the mitochondrial dynamics and reduce 

oncogenicity [106,107]. In this regard, Yu et al. showed that the overexpression of MFN2 in 

both in vitro and in vivo models of PDAC promoted autophagy and a reduction in mitochondrial 

mass, Oxygen Consumption Rate (OCR), and ATP production. This reduction in oxidative 

phosphorylation by MFN2 overexpression correlated with decreased cell proliferation, 

increased G1 arrest, and reduced metastatic lung colonization after tail vein injection. 

Pharmacological induction of mitochondrial fusion by leflunomide, the FDA-approved anti-

arthritis drug, showed similar effects to those of MFN2 overexpression, improving survival in 

different mouse models of pancreatic cancer [107]. In addition to this observation, other authors 

demonstrated that the expression of MFN2 was significantly decreased in tumor tissues, while 

MFN2 overexpression affects the levels of proliferating cell nuclear antigen (PCNA) and 
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endothelial growth factor A (VEGFA) in HUVEC cells, thus inhibiting cell growth and 

angiogenesis [108]. Furthermore, MFN2 overexpression suppresses cell proliferation and 

induces cell autophagy in PDAC cells by inhibiting the PI3K/AKT/mTOR signaling pathway 

[109]. Altogether, these observations support the notion of exploiting mitochondrial fusion as 

an effective strategy in PDAC therapy. However, this approach could be a double-edged sword. 

Indeed, it is necessary to understand, for instance, the molecular mechanisms through which 

the induction of MFN2 reduces the OXPHOS metabolism in PDAC, since numerous authors 

have reported that mitochondrial fusion favors an increase in the energy efficiency of both 

tumor and normal cells [88,110–112]. 

In contrast, although the inhibition of mitochondrial fusion in PDAC cells has not been studied 

in-depth, some other studies have shown that some proteins involved in mitochondrial fusion 

are emerging as key molecules for cancer progression and chemoresistance. Among these, 

OPA1 has been identified as a prognosis-related gene in several types of cancer and its 

expression at high levels has been found to correlate with a worse prognosis in PDAC patients 

[113,114]. In addition, the inhibition of the interaction between Hsp90 and OPA1 in PDAC 

tumors studied in KPC mice led to a reduction in mitochondrial cristae amount and energy 

production [115]. Although this evidence suggests a pro-tumorigenic role of mitochondrial 

fusion, other studies should be carried out to determine if the pharmacological inhibition of 

OPA1 in PDAC cells curtails tumor growth by targeting angiogenesis, as has already been 

reported in in vivo models of melanoma and breast adenocarcinoma [113,116], or directly 

affects tumor cells. 

In summary, the study of mitochondrial fusion in pancreatic cancer is still at an early stage 

from a molecular and therapeutic point of view. One of the main challenges is to explain the 

apparent contradictions found between in vitro and in vivo models. For example, increased 

mitochondrial fission found in different PDAC cell lines is correlated with the promotion of 

glycolic flux [117,118], while in mice, the higher metastatic capacity of PDAC cells was 

associated with OXPHOS increased, likely due to the expression of proteins involved in 

mitochondrial fusion [119]. Another necessary evaluation is to understand whether the 

inhibition of fusion proteins, such as OPA1 and MFN2, has any consequence in the progression 

and chemoresistance of PDAC, and to determine whether it could be a realistic therapeutic 

approach considering their important role also in normal tissues, such as the heart and muscle. 
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4.4.4. Mitochondrial fission in pancreatic cancer 

Mitochondrial fission has a pro-tumorigenic role in several cancer types, including lung, colon, 

breast cancer, melanoma, and hepatocellular carcinoma [62]. Regarding pancreatic cancer, 

low-moderate levels of DRP1 phosphorylation in Ser616 have been observed in 11 over 12 

pancreatic tumor specimens analyzed. In addition, a high level of Ser616-phosphorylated 

DRP1 and a fragmented mitochondria phenotype have been found in PDAC cell lines and 

patient-derived cells [100]. In cellular models with RAS activation (HRasG12V expressing), it 

has been demonstrated that RAS promotes phosphorylation of DRP1 at Ser616 by direct 

activation of the MAPK pathway, in particular ERK2, and mitochondrial fragmentation. On 

the other side, DRP1 knockdown has been shown to inhibit the fragmented mitochondria 

phenotype and tumor cell growth in a mouse model of KRAS-driven pancreatic cancer 

[118,120]. A study performed on a cohort of 137 patients showed that DRP1 is significantly 

more expressed in pancreatic tumor tissue than adjacent non‐tumor tissues [120]. Furthermore, 

in addition to the function of DRP1 in mitochondrial dynamics, this protein also affects the 

regulation of cell proliferation. Indeed, despite the divergent studies about the link between 

DRP1 and apoptosis, it has been shown that its knockdown reduces cell growth by inhibiting 

G1-S cell cycle transition and inducing apoptosis in pancreatic cancer cell lines. Moreover, 

DRP1 knockdown inhibits pancreatic cancer cell migration and invasion by suppressing matrix 

metallopeptidase 2; conversely, DRP1 overexpression promotes cell growth, migration, and 

invasion in PDAC cell lines [120]. The role of DRP1 in pancreatic cancer glycolytic 

metabolism has also been identified by different authors, who reported different facets of the 

role of this protein in metabolic regulation. Indeed, Nagdas et al. showed that DRP1 

knockdown determines a decrease in Hexokinase II expression and, consequently, in glycolytic 

flux in both RAS-transformed mouse embryonic fibroblasts and PDAC cells. In addition, they 

showed that the loss of DRP1 reduces efficient fatty acid oxidation and electron transport chain 

functionality [118]. Liang et al. showed that DRP1 supports aerobic glycolysis, demonstrating 

that its knockdown dramatically decreased glucose consumption and lactate production, while 

its overexpression significantly increased these phenomena in a pancreatic cancer cell line 

[120]. 

The discrepancies found in the effect of mitochondrial fission on tumor cell growth could be 

attributed to the non-direct effect of DRP1 or to the extent of mitochondrial fragmentation and, 

certainly, the role of mitochondrial fission as a pro-oncogene needs further investigation. 
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4.4.5. Mitochondria dynamics in pancreatic cancer stem cells 

A peculiar feature of CSCs is their link to the epithelial-to-mesenchymal transition (EMT) that 

strictly associates them with metastasis formation. During EMT induction, cells can 

intravasate, migrate throughout the bloodstream, and colonize a secondary organ. The 

establishment of a tumor in a new place implies that cells must undergo the opposite 

mechanism, which is the mesenchymal-to-epithelial transition (MET) [121]. EMT activation 

in cancer cells is also necessary for their entrance into the CSC state. Recently, we have shown 

that during progressive de-differentiation, CSCs also undergo, among the modifications cited 

above, a metabolic shift from a more glycolytic to a more oxidative metabolism [35]. This 

remodeling may be linked to mitochondrial dynamics and could be important in determining 

the cell state. Indeed, given the striking changes in mitochondrial architecture that occur when 

stem cells differentiate, it is reasonable to ask what role mitochondrial dynamics might play 

[122]. Notably, mitochondrial dynamics are essential for successful asymmetric division in 

normal stem cells [123] and have been linked to the proliferation and survival of stem cells in 

normal tissues and some types of cancer [82,122]. Considering that pancreatic CSCs are 

particularly dependent on the activity of their mitochondria, it might be important to focus on 

mitochondrial dynamics as a critical process in the homeostasis of these organelles.  

Firstly, it is important to highlight that the metabolic plasticity of tumor cells is fundamental 

during tumor development and metastasis [35]. As recently described, pancreatic CSCs mainly 

rely on mitochondrial metabolism to maintain their stemness, therefore representing a putative 

target for their elimination [124]. In this regard, Sancho et al. found that pancreatic CSCs are 

particularly sensitive to mitochondrial targeting, due to their dependence on OXPHOS [50]. In 

agreement with this, disrupting mitochondrial function in CSCs by inhibiting the electron 

transport chain or altering the redox state significantly makes them more sensitive to 

chemotherapy [56,82]. Thus, these results identified mitochondrial activity as a key 

vulnerability for pancreatic CSCs. Nevertheless, the relationship between mitochondrial 

dynamics and stemness in PDAC has not yet been well understood. Indeed, Courtois et al. 

highlighted that pancreatic CSCs are characterized by the accumulation of small mitochondria 

and by an increased DRP1/MFN2 ratio in comparison to the differentiated counterpart, 

indicating that these cells rely on mitochondrial fission. They also demonstrated that DRP1 is 

overexpressed in PDAC tissues, and this signature is related to lower survival in patients with 

pancreatic cancer. Moreover, the pharmacological inhibition of mitochondrial fission results in 

the accumulation of dysfunctional mitochondria that leads to two different aspects: on the one 

hand, an energy crisis with the consequent cell death by apoptosis; on the other hand, the 
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inhibition of stemness-related tumorigenicity and invasiveness. These data suggest that the 

inhibition of mitochondrial fission may represent a promising strategy for designing specific 

therapies against pancreatic cancer. However, there are still profound inconsistencies, because 

elevated fission activity results in fragmented mitochondria and less oxidative phosphorylation, 

which is in contradiction with the general assumption that pancreatic cancer stem cells 

primarily rely on OXPHOS metabolism. This discrepancy highlights the strong need for further 

studies on this complex but also important topic.  
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5. AIM 

The high aggressiveness of PDAC is associated with increased resistance to conventional 

therapies, early progression to metastatic disease, and a significant recurrence rate. Recent 

studies demonstrate that all these aggressive traits are linked to the presence of a subpopulation 

of cells within tumors called cancer stem cells (CSCs). Given that a single CSC could 

regenerate the whole tumor, the study of CSCs hallmarks is crucial for the design of new 

therapeutic strategies to prevent cancer progression and relapse. CSCs display a heterogenous 

metabolic profile, which could be fundamental for their adaptability to different environmental 

stresses and, eventually, to evade chemotherapy. This metabolic plasticity would not be 

possible without mitochondrial remodeling to maintain cellular homeostasis. However, the role 

of mitochondria in pancreatic CSCs is not clear yet and, in some cases, even contradictory. 

Additionally, previous studies of mitochondria arrangement in CSCs have been mainly 

performed on short-term culture, whereas the mitochondrial function in CSCs over longer 

periods of culture, which may more accurately reflect their quiescent state in vivo, is practically 

unexplored.  

In order to understand the role of mitochondria in long-term CSCs-enriched culture, the general 

aim of this thesis is to characterize the mitochondrial physiology in progressively 

dedifferentiated CSCs at three stages of culture (2, 4, and 8 weeks) using a PDAC cellular 

model previously described in our group [35].  

The specific aims of this study can be summarized as follows: 

• evaluate the mitochondrial organization in pancreatic CSCs through the analysis of 

mitochondrial abundance and proteins involved in mitochondrial dynamics; 

• evaluate the mitochondrial function in pancreatic CSCs through the analysis of ROS 

production and of electron transport chain protein complexes expression and activity; 

• identify possible molecular targets by functional analysis of specific proteins overexpressed 

in CSCs; 

• assess the effect of inhibitors of mitochondrial respiration on pancreatic CSCs. 
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6. MATERIALS AND METHODS  

6.1. Cell culture  

The pancreatic ductal adenocarcinoma cell line Panc1, here called parental (P) cells, was grown 

in RPMI-1640 supplemented with 10% FBS and 50 µg/ml gentamicin sulfate (all from Gibco, 

Life Technologies, USA), here reported as differentiated-cell medium (DM) and were 

maintained in standard conditions for a few passages at 37°C in a 5% CO2 atmosphere. CSCs 

were obtained as described previously [35]. Briefly, adherent cells were washed twice in 1X 

PBS, trypsinized, centrifuged, washed in 1X PBS, and then cultured in stem-specific medium 

(SsM), i.e., DMEM/F-12 without glucose (from Biowest, France) supplemented with 1 g/L 

glucose, B27, 1 µg/mL fungizone, 1% penicillin/streptomycin (all from Gibco/Life 

Technologies, USA), 5 µg/mL heparin (Sigma/Merck), 20 ng/mL fibroblast growth factor 

(FGF), and 20 ng/mL epidermal growth factor (EGF) (both from PeproTech, United Kingdom). 

The cells were cultured in non-treated cell culture flasks ideal for the growth of suspension 

cells and were maintained at 37°C with 5% CO2 in the SsM until 8 weeks, refreshing twice a 

week with a new medium. Before each experiment, the cells were passed through a cell strainer 

(40 µm) to separate and maintain only the cell aggregates/spheres, which were trypsinized to 

obtain a single-cell suspension. The cell number and cell viability were determined by the 

trypan blue exclusion test. 

 
Figure 5. Cell culture of Panc1 parental cells and CSCs. Panc1 parental cells are grown in a 
differentiated-cell medium (DM), while CSCs are grown in a stem-specific medium (SsM) for 2-,4-
, and 8 weeks. 

6.2. RNA extraction 

Total RNA was extracted from 1x106 cells using TRIzol Reagent (Life Technologies) 

according to the manufacturer’s instructions. Briefly, frozen pellets were resuspended in 400 
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μL of TRIzol and completely homogenized by pipetting the cell lysate up and down. The 

samples were incubated for 5 min on ice to permit the complete dissociation of the 

nucleoproteins, then 80 μL of chloroform was added and subsequently were incubated for 3 

min on ice. After incubation, the samples were centrifuged at 12,000 g for 15 min at 4°C and 

then the aqueous phase containing the RNA was transferred to a new tube by angling the tube 

at 45°C. To precipitate the RNA, 200 μL of isopropanol was added to the aqueous phase and 

the RNA pellet was obtained by centrifugation at 12,000 g for 10 min at 4 0C. To wash the 

RNA, the pellet was resuspended in 400 μL of 75% ethanol and centrifuged at 7,500 g for 15 

min at 4°C. After centrifugation, the resulting pellet was air dry for 20 min at room temperature 

and finally resuspended in 30 μL of RNase-free water. Purified RNA was quantified with a 

Nanodrop Spectrophotometer (Thermo Fisher Scientific).  

6.3.  Real-time PCR (qPCR) 

RNA integrity was determined by electrophoresis on a denaturing agarose gel. Total RNA 

(1µg) was used to synthesize first-strand cDNA by RT-PCR. qPCR was performed in triplicate 

samples by SYBRGreen detection chemistry using GoTaq qPCR Master Mix (Promega, USA) 

on a QuantStudio™ 3 Real-Time PCR System (Thermo Fisher Scientific). The cycling 

conditions used were: 95°C for 10 min, 40 cycles at 95°C for 15 sec, 60°C for 1 min, 95°C for 

15 sec, and 60°C for 15 sec. The results were analyzed according to the 2-∆∆Ct method using the 

SDHA gene as endogenous control. The primers used in this study are listed in Table 1. 

Table 1. List of human primers sequences used for real-time PCR   

Gene Primer pairs - Sequence (5’-3’) 
Forward Reverse 

NRF1 CCACGTTACAGGGAGGTGAG TGTAGCTCCCTGCTGCATCT 
NRF2 GCGACGGAAAGAGTATGAGC GTTGGCAGATCCACTGGTTT 
TFAM GTGGTTTTCATCTGTCTTGGC ACTCCGCCCTATAAGCATCTTG 
PGC1α TGACTGGCGTCATTCAGGAG CCAGAGCAGCACACTCGAT 
CDH1 GACACCAACGATAATCCTCCGA GGCACCTGACCCTTGTACGT 
ZEB1 GTTACCAGGGAGGAGCAGTGAAA GACAGCAGTGTCTTGTTGTTGTAGAAA 
SOX2 GGGAAATGGGAGGGGTGCAAAAGAGG TTGCGTGAGTGTGGATGGGATTGGTG 

NANOG AGTCCCAAAGGCAAACAACCCACTTC TGCTGGAGGCTGAGGTATTTCTGTCTC 
OCT3/4 GACAGGGGGAGGGGAGGAGCTAGG CTTCCCTCCAACCAGTTGCCCCAAAC 
ND1* GTCAACCTCGCTTCCCCACCCT TCCTGCGAATAGGCTTCCGGCT 
B2M* CGACGGGAGGGTCGGGACAA GCCCCGCGAAAGAGCGGAAG 
DRP1 AAGAACCAACCACAGGCAAC GTTCACGGCATGACCTTTTT 
FIS1 CTTGCTGTGTCCAAGTCCAA GCTGAAGGACGAATCTCAGG 

MFN1 TTGGAGCGGAGACTTAGCAT TTCGATCAAGTTCCGGATTC 
MFN2 AGAGGCATCAGTGAGGTGCT GCAGAACTTTGTCCCAGAGC 
OPA1 GGCCAGCAAGATTAGCTACG ACAATGTCAGGCACAATCCA 

MnSOD CGTGCTCCCACACATCAATC TGAACGTCACCGAGGAGAAG 
CuZnSOD TCAGGAGACCATTCATCATT CGCTTTCCTGTCTTTGTACTTTCTTC 
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POX  GGTAGTCCCCAACGCACA GCTGTAGCATCCTGGTCATCT 
GPX CCAGTTTGGGCATCAGGAG CGATGTCAATGGTCTGGAAG 
IDH1 CAAGTGACGGAACCCAAAAG ACCCTTAGACAGAGCCATTTG 
CAT CATCGCCACATGAATGGATA CCAACTGGGATGAGAGGGTA 
IF1 GTGGGGCCTTCGGAAAGAGA ACAAGGACACGGTGGTCAG 

SDHA GGACCTGGTTGTCTTTGGTC CCAGCGTTTGGTTTAATTGG 
*Primer pairs designed to amplify genomic DNA (gDNA) 
 

6.4. mtDNA Quantification  

DNA was extracted by digestion with proteinase K-based protocol. Briefly, cells were 

resuspended in 700 μL lysis buffer (1 M Tris-HCl, 0.5 M EDTA, 10% SDS, and 5 M NaCl) 

supplemented with 10mg/ml of proteinase K (all from Sigma/Merck, USA). The samples were 

incubated at 55°C for 2 hours and then centrifuged for 10 min at 14,000 rpm. DNA was 

precipitated with 700 μL isopropyl alcohol, centrifuged for 5 min at 14,000 rpm, washed with 

70% v/v ethanol, centrifuged for 5 min at 14,000 rpm, resuspended in 100 μL TE buffer, and 

quantified with NanoDrop One (Thermo Fisher Scientific). Mitochondrial DNA was quantified 

by SYBRGreen detection chemistry on a QuantStudio™ 3 Real-Time PCR System (Thermo 

Fisher Scientific) according to the 2-∆∆Ct method. The mitochondrial gene MT-ND1 and the 

nuclear gene B2M were amplified from approximately 20 ng of total DNA (primers are listed 

in Table 1). MT-ND1/B2M ratio equals mtDNA copy number per cell, providing an indirect 

measure of the abundance of mitochondria per cell [125]. Mitochondrial DNA was also 

quantified by digital droplet PCR. For this procedure, DNA concentration was quantified using 

the Qubit 4 fluorometer (Invitrogen, Life Technologies) in combination with the Qubit dsDNA 

HS Assay Kit (Invitrogen, Life Technologies). The QX200 Droplet Digital PCR System (Bio-

Rad) and a QX200 ddPCR EvaGreen Supermix (Bio-Rad) were used to determine the 

concentration in copies/µl of ND1 gene in our samples. Briefly, 20 μL of reaction mix 

(supermix, 10 μM primer forward and reverse, 5U/µl restriction enzyme, water, and 0.002 ng 

of sample) and 70 μL of Qx200 droplet generator oil were transferred into a droplet generator 

cartridge. To perform the droplet generation, the cartridge was placed into a QX200 droplet 

generator. The partitioned samples were transferred into a 96-well plate and then placed into a 

SimpliAmp Thermal Cycler (Applied Biosystems) for the end-point PCR amplification. The 

cycling conditions used were: 1 cycle at 95°C for 5 min, 40 cycles at 95°C for 30 sec and 57°C 

for 1 min, 1 cycle at 4°C for 5 min, and 1 cycle at 95°C for 5 min. Finally, the fluorescence of 

the samples was read using Droplet Reader. The absolute copy number was analysed using the 

QuantaSoftTM Software version 1.7 (Bio-Rad). 
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6.5.Protein Extraction and Immunoblotting 

To prepare samples, frozen cell pellets were resuspended in lysis buffer, i.e., 1 mM Na3VO4, 1 

mM NaF, 2 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride (PMSF), 150 mM NaCl, 100x 

complete protease inhibitor cocktail, and RIPA buffer pH 8.0 (150 mM NaCl, 50 mM Tris-

HCl, 1% Igepal, 0.5% sodium deoxycholate, and 0.1% SDS). The lysate was centrifuged at 

5,000 rpm for 10 min at 4°C and the supernatant was used for immunoblotting. Protein 

concentration was measured with Bradford Reagent (SERVA electrophoresis, Germany) using 

bovine serum album as a standard. Next, 30-40 µg protein suspended in SDS loading buffer 

was run on 12% SDS polyacrylamide gels and electrotransferred to PVDF membranes (Merck 

Millipore). Membranes were then incubated for 1 hour at room temperature with blocking 

solution, i.e. 5% non-fat dried milk in TBST pH 7.5 (100 mM Tris-HCl, 0.1% Tween-20, and 

0.9% NaCl). Then membranes were incubated with the primary antibodies at appropriate 

dilution in blocking solution overnight at 4°C. Primary antibodies included: α-Tubulin 

(1:1,500, CP06, Oncogene), OXPHOS cocktail (1:1,000, ab110413, Abcam), anti-human IF1 

(1:100, clone14/2) [126], HSP60 (1:2,000, Stressgene SPA-807), NDUFA9 (1:1,000, #459100, 

Invitrogen), ATP5A (1:100, #459240, Invitrogen), MTCO1 (1:1,000, #459600, Novex), SDHB 

(1:1,000, #459230, Novex), Core1 (1:1,000, #459140, Invitrogen), catalase (1:1000, C0979, 

Sigma Aldrich). Antibodies against LC3 (1:1,500, #2775), DRP1 (1:1,000, #8570), P-DRP1 

(1:1,000, #4494), MFN1 (1:1,000, #14739), MFN2 (1:1,000, #11925) OPA1 (1:1,000, 

#80471), MFF (1:1,000, #84580), TOM20 (1:1,500, #42406), were obtain from Cell Signaling 

Technology (Danvers, USA). Blots were then incubated with secondary antibodies for 1 hour 

at room temperature and the LiteAblot® Plus substrate (EuroClone, Italy) was used for the 

development of immunoreactive bands. The immunocomplexes were visualized by 

chemiluminescence using the Chemidoc MP imaging system. Densitometric analysis was 

conducted using ImageJ software (NIH Image, USA). 

6.6. Mitochondrial Staining 

The mitochondrial structural network was stained using MitoTracker Green (Invitrogen) 

according to the manufacturer’s instructions. Briefly, cells were grown in a chambered 

coverslip for cell live imaging (Ibidi, Germany) for 24 hours, then the medium was removed 

and the solution containing 50 nM MitoTracker Green was added. Cells were incubated for 30 

min in the dark and in standard conditions. After incubation, the staining solution was removed, 

the cells were washed twice with 1X PBS, and a fresh pre-warmed medium was added. Images 
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were recorded with a confocal laser-scanning fluorescence microscope Leica SP5 (Leica 

Microsystem, Germany) at 63X magnification. 

6.7. Spheroid formation assay 

Panc1 parental cells were plated in non-adherent Nunclon Sphera 96-well plates (ThermoFisher 

Scientific) at a density of 300 viable cells per well and grown in CSC medium. The plate was 

centrifuged at 1,500 rpm for 10 min at room temperature to bring the cells together and then 

incubated at 37°C with 5% CO2 for 8 days. Bright field cell images were acquired using an 

inverted microscope (Axio Vert. A1, Zeiss, Oberkochen, Germany). The spheroid area was 

measured using ImageJ software (NIH Image, USA). 

6.8. siRNA Knockdown 

Panc1 parental cells were plated in a 6-well plate at a density of 3 x 105 cells per well and 

grown in standard conditions for 24 hours. Then cells were transfected with 15 nM of siRNA 

against OPA1 (SI03019429) or IF1 (SI00908075) and non-specific negative control (#1027281) 

purchased from Qiagen (Germany), using Lipofectamine 3,000 transfection reagent 

(Invitrogen, USA) according to the manufacturer’s instructions. Briefly, two tubes were 

prepared as follow: in the first, 3 μl of 15 nM siRNA were added to 125 μl of Opti-MEM 

(ThermoFisher Scientific); in the second one, 7 μl of Lipofectamine 3,000 were added to 125 

μl of Opti-MEM. Both tubes were gently mixed and incubated for 20 min at room temperature, 

about 250 μl of the mixture was added to the cells. After 48 hours, the medium was removed, 

and cells were washed twice in 1X PBS, trypsinized, centrifuged, washed in 1X PBS, and then 

cultured in stem-specific medium (SsM) for 10 days to evaluate the expression of stem markers. 

The knockdown of OPA1 was confirmed using real-time PCR and immunoblotting.  

6.9. Isolation of mitochondria 

Mitochondria were isolated according to Nuevo-Tapioles et. al with minor modifications [127]. 

Cell pellets were homogenized in a glass-Teflon homogenizer with a hypotonic buffer (10 mM 

MOPS, 83 mM sucrose, pH 7,2) and then incubated on ice for 2 min. After incubation, the 

same volume of hypertonic buffer (30 mM MOPS, 250 mM sucrose, pH 7,2) was added and 

then centrifuged at 1,000 x g for 5 min at 4°C to eliminate the nucleus and unbroken cells. The 

supernatant was centrifuged at 1,2000 x g for 12 min at 4°C to separate the cytoplasmic fraction. 

After centrifugation, the pellet was resuspended in buffer A (1 mM EDTA, 10 mM Tris-HCL, 

320 mM sucrose, pH 7,4), stored at 80°C, and used within 6 months. 
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6.10. Sample preparation for Blue Native Gel Electrophoresis (BNGE) 

Cells pellets were resuspended in 200 μL of cold 1X PBS, 200 μL of 8 mg/ml digitonin, and 

incubated on ice for 10 min. After incubation, 1 mL of 1X PBS was added and the samples 

were centrifugated at 10,000 x g for 5 min at 4°C. After the supernatant was removed, the pellet 

was resuspended in 100 μL of buffer (1,5 M aminocaproic acid, 50 mM Bis-Tris/HCl pH 7), 

10 μL of 10% digitonin (200 mg/ml of the one with 50% purity), incubated on ice for 5 min, 

and centrifuged at 18,000 x g for 30 min at 4°C. The supernatant was transferred into another 

tube and 10 μL of sample buffer (750 mM aminocaproic acid, 50 mM Bis-Tris/HCl, 0,5 mM 

EDTA, 5% Coomassie Brilliant Blue G-250, pH 7) was added. The samples were stored at -

80°C until use. All reagents were purchased from Sigma-Aldrich (Germany). 

6.11. Blue Native Gel Electrophoresis and 2D- BNGE 

Blue native gel electrophoresis (BNGE) was performed according to Nijtmans et.al and Wittig 

et.al [128,129]. In brief, for one-dimension BNGE, 50 μg of cellular protein solubilized with 

digitonin, as described above, were loaded in Pre-cast NativePAGE 3%–12% Bis-Tris gels (# 

BN1001BOX, Invitrogen, USA). Electrophoresis was carried out at 120 V for 2 hours. To 

remove excess of blue G-250, cathode buffer B (cathode buffer A, 0.02% Coomassie Brilliant 

Blue G-250) was replaced by cathode buffer A (50mM Tricine, 15mM Bis-Tris/HCl, pH 7.0) 

after the blue running front migrated to the middle of the gel. Electrophoresis was maintained 

under the same conditions until the blue dye front reached the end of the gel. Electroblotting 

and immunodetection of protein complexes from one-dimensional BNGE were carried out as 

described above (section 2.4). Two-dimensional blue native gel (2D- BNGE) was performed 

cutting out a lane of the one-dimension gel with a razor blade. The strips were incubated with 

a dissociating solution (1% SDS, 1% 2-mercaptoethanol) for 1 hour at room temperature, then 

they were compressed between the glass plates, leaving the space to cast the separating and 

stacking gel (this one poured around the one-dimension trip). The second dimension was a 10% 

SDS-polyacrylamide gel. The samples were electrophoresed at 30 V for 20 min until they 

entered the stacking gel, after which the voltage was increased to 120 V for 1.5 h. 

Electroblotting and immunodetection of the protein complexes were performed as described 

above (section 6.5). 

6.12. Mitochondrial Enzyme Activities  

Mitochondrial enzyme activities were measured by spectrophotometric determination as 

previously described [130] with slight modifications. Complex II activity was measured at 

Abs600 using 100 μg of isolated mitochondria in buffer (5 mM MgCl2, 25 mM potassium 
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phosphate buffer, 3 mM KCN and 2.5 mg/ml BSA) containing 30 μM DCPIP, 1 μM antimycin 

A, 1 μM rotenone, 10 mM succinate, and 6 mM phenazine methosulfate. The samples to 

measure complex IV and citrate synthase activities were prepared according to Bugiani et al 

[131] and Signorile et al [132]. Briefly, the cell pellet was homogenized in 700 μl of buffer A 

(20 mM MOPS, 0,25 M sucrose, pH 7.4) and 1 ml of 200 μg digitonin. The homogenate was 

centrifuged at 5,000 x g for 5 min at 4°C, the resultant pellet was resuspended in 1 ml of buffer 

B (20 mM MOPS, 0.25 M sucrose, 1 mM EDTA tetrasodium salt, pH 7.4), centrifuged at 

10,000 x g for 5 min at 4°C. The supernatant was removed, and the pellet was stored at -80°C. 

Complex IV activity was measured in 10 mM phosphate buffer, pH 7,4, using 40 μg of protein, 

and following the oxidation of 10 μM cytochrome c at 550 nm. The citrate synthase activity 

was measured in a buffer solution (0.5 mM oxaloacetate, 0.1 M Tris-HCl, 0.2% Triton X-100, 

0.5 mM acetyl-CoA, and 0.5 mM 5,5-dithio-bis-(2-nitrobenzoic acid)), the reaction was 

followed at 420 nm. 

6.13. ROS production 

The 2,7-Dichlorodihydroflurescein diacetate (DCFH-DA) fluorogenic dye (Sigma-Aldrich) 

was used to measure ROS production. This probe becomes highly fluorescent upon oxidation 

with hydroxyl, peroxyl, and other ROS. For this assay, cells were plated in 96-well plates (6 x 

103 cells/well). After 24 hours, cells were incubated in PBS containing 10 μM DCFH-DA for 

15 min at 37°C. The cells were washed twice with 1X PBS. The fluorescence (Ex485 and 

Em535nm) was measured using a multimode microplate reader (GENios, Pro, Tecan, Milan, 

Italy).  

6.14. Drug library screening 

The effect of seven compounds (sulfameter, butoconazole, glyburide, lomerizine, cimetidine, 

crystal violet, and telaprevir) from an FDA-Approved Drug library (Selleckchem, Houston, 

USA) on cellular proliferation of Panc1 cells was determined by crystal violet assay. These 

compounds were reported in 2021 by Nuevo-Tapioles et.al [127] as inhibitors of mitochondrial 

respiration in colon cancer cells. For cell proliferation assay, 15,000 cells/well were seeded in 

a 96-well plate, and after 24 hours, cells were treated with each compound at 1, 10, and 50 μM. 

Forty-eight hours later, the medium was removed, cells were washed with 1X PBS twice, and 

incubated with crystal violet solution (0.75% Crystal violet, 0.25% NaCl, 50% ethanol, and 

37% formaldehyde) for 5 min at room temperature. The plate was washed three times with 

Milli-Q water and air-dry overnight. The fixed cells were lysed with 100 μL of lysis buffer (1% 

SDS and 1X PBS) and incubated for 40 min at room temperature on a shaker. After incubation, 
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the absorbance (Abs595) was measured using a multimode microplate reader (GENios, Pro, 

Tecan, Milan, Italy). 

6.15. Cell viability assay 

Cell viability was determined using the OZBlue Cell Viability kit following the manufacturer’s 

instructions. This method is based on fluorimetric/colorimetric quantification of metabolic 

activity in living cells. Cells were seeded in 96 opaque-walled cell culture plates (clear bottom). 

After treatments, 10 μL of OZBlue reagent was added directly into the cell medium and then 

cells were incubated for 4 hours in the standard culture conditions. After incubation, the 

fluorescence (560 nmEx/590 nmEm) was measured using a multimode microplate reader 

(GENios, Pro, Tecan, Milan, Italy).  

6.16. Flow cytometry 

For flow cytometry analysis, a suspension of cells in PBS was centrifuged at 1,200 rpm for 5 

min at 4°C and the resulting pellet was resuspended in FACS solution (1% FBS, 0.1 % NaN3, 

and 1X PBS). The cell suspension (at least 10,000 events) was analyzed using a flow cytometer 

FACS Calibur (Becton Dickson, USA). The procedures performed using flow cytometry are 

described below: 

6.17. Cellular proliferation assay 

Cellular proliferation was determined by the incorporation of a fluorescent stain into cytoplasm 

using CellTraceTM Far Red (Thermo Fisher Scientific) following the manufacturer’s 

instructions. The stock concentration of 1 mM was made by the addition of 20 μL dimethyl 

sulfoxide (DMSO). A working concentration of 1 μM was made by the addition of 1 μl of stock 

solution in 1 ml of 1X PBS. Cells at 50% of confluence were incubated in the dark for 20 min 

at 37°C with 1 μM CellTrace Far Red. After incubation, the cells were washed twice with 1X 

PBS and prepared for flow cytometry analysis. The analysis of cellular proliferation was 

carried out at 24 and 48 hours after treatments.  

6.18. Cell death assay 

Cell death was determined by flow cytometry after staining with propidium iodide and annexin 

V (Annexin V-FITC apoptosis detection kit, eBioscience, USA). After trypsinization, cells 

were washed twice with 1X PBS and resuspended in 200 μL of 1X binding buffer. After adding 

5 μL Annexin V, the cell suspension was incubated for 10 min at room temperature, and then 

cells were washed twice with 1X binding buffer. Finally, the cells were incubated with 10 μL 

propidium iodide before FACS analysis.  
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6.19. Statistical Analysis 

Results are presented as mean ± standard error of the mean (SEM) of at least three different 

biological replicates. Statistical differences were determined by Student’s t-student two-sided 

and one-way analysis of variance (ANOVA) for multiple comparisons. Data were analyzed 

using Excel Microsoft 365 and GraphPad Prism 7, and statistical significance was defined as p 

< 0.05. 
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7. RESULTS 

7.1. Panc1 CSCs have increased mitochondrial mass 

To study the mitochondrial arrangement and function of CSCs, we cultured Panc1 parental (P) 

cells in a stem-specific medium (SsM) at three different time points, short-term (2 weeks), 

medium-term (4 weeks), and long term (8 weeks), as previously described by our group [35]. 

Indeed, with this cellular model, we showed that gradually de-differentiated CSCs present 

metabolic plasticity that ends with the acquisition of a quiescent state. In order to understand 

the role of mitochondria in the metabolic adaptability of CSCs, we evaluated the protein 

expression of TOMM20 (Figure 6 A), a known mitochondrial marker, by western blotting: the 

densitometric analysis shows that the expression of this protein is significantly higher in CSCs 

relative to parental cells (Figure 6 A). In addition to this, we also evaluated the expression of 

another mitochondrial marker, i.e. HSP60, whose expression shows a similar pattern to that of 

TOMM20 (Figure 6 A). Furthermore, the quantification of mitochondrial DNA copy numbers 

(mtDNA) performed through digital droplet PCR (Figure 6 B) and qPCR (Figure 6 C) also 

evidences a significant increase of mtDNA in CSCs compared to parental cells, particularly in 

medium- and long-term culture CSCs (4 and 8 weeks). Since an increase of mitochondrial mass 

might be associated with a higher production of new mitochondria or with a reduction of 

mitochondria engulfment through mitophagy, we determined the expression of genes involved 

in mitochondrial biogenesis and of the autophagosomal marker LC3-II, respectively, in Panc1 

CSCs. Figure 6 D shows that the mRNA expression levels of four genes regulating 

mitochondria biogenesis, such as NRF1, NRF2, TFAM, and PGC1α, are significantly higher 

in CSCs than in parental cells. Nevertheless, there are no significant differences between CSCs, 

suggesting that a sustained expression of these genes would be necessary to maintain the 

stemness at all three-time points. On the other side, the analysis of LC3-II protein expression 

does not show any marked difference between parental and CSCs, suggesting that basal 

autophagy is similar in both types of cells (Figure 6 E). These results indicate that Panc1 CSCs 

show more mitochondrial mass, likely attributable to increased mitochondrial biogenesis. 

 



41 
 

 
Figure 6. Panc1 cells cultured in the stem-specific medium for 2-, 4-, and 8-weeks exhibit an 
increase of mitochondrial mass. (A) Left panel, representative immunoblot of TOMM20 and 
HSP60 in Panc1 parental (P) cells and CSCs at 2 weeks (2W), 4 weeks (4W), and 8 weeks (8W) of 
culture; right panel, densitometry analysis of TOMM20 and HSP60. (B) Quantification of mtDNA 
copies by digital droplet PCR and (C) real-time PCR (qPCR). (D) mRNA expression levels of genes 
involved in mitochondrial biogenesis in P cells and CSCs. Levels are normalized to SDHA. The 
Values are reported as fold change relative to P cells. (E) Representative immunoblot of LC3-II. 
Histogram legends: white: P cells; light grey: CSCs 2 weeks (2W); dark grey: CSCs 4 weeks (4W); 
black: CSCs 8 weeks (8W). Bars indicate the mean ± SEM of the indicated samples. Statistical 
legends: Parental vs CSCs = * p < 0.05, ** p < 0.01, ***p<0.001; 2W CSCs vs CSCs= # p < 0.05, # 
# p < 0.01 
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7.2. Mitochondrial fusion is increased in Panc1 CSCs  

To investigate the link between stemness acquisition and mitochondrial dynamics, we 

compared the mitochondrial morphology of CSCs with parental cells using the MitoTracker 

Green fluorescent probe. This probe is a green-fluorescent dye that localizes to mitochondria 

regardless of mitochondrial membrane potential. Figure 7 shows that mitochondria exhibit a 

more tubular and less fragmented shape in CSCs compared to parental cells. To confirm this 

observation at a molecular level, we evaluated the expression at mRNA and protein levels of 

the main mediators of mitochondrial fusion and fission, such as DRP1 and FIS1, which regulate 

fission, and OPA1, MFN1, and MFN2, which support fusion. The analysis of the expression at 

mRNA levels of these markers shows that there are no significant differences between CSCs 

and parental cells independently of the term culture (Figure 8). However, it is well known that 

mitochondrial dynamics proteins are strongly regulated at the posttranslational level, e.g. the 

phosphorylation of DRP1 on Ser616 enhances its function supporting mitochondrial fission. 

Thus, we quantified the protein expression levels of these fission and fusion markers by 

immunoblot, as shown in Figure 9 A. Our data show that CSCs exhibit significantly lower 

phosphorylation of DRP1 at Ser616 than parental cells and this decrease is substantial in CSCs 

at medium- and long-term cultures, i.e. 4- and 8-weeks (Figure 9 B). On the other side, the 

expression of OPA1 is significantly higher in CSCs in comparison to parental cells (Figure 9 

A). Interestingly, the quantitative analysis of OPA1 by western-blot (Figure 9 C) reveals that 

CSCs present an imbalance in the isoforms of OPA1, predominating short isoforms. In 

addition, as shown in Figure 9 D, the transition from long (upper band) to short isoforms (lower 

band) takes place during the first days of culture in SsM, which suggests that the cleavage of 

OPA1 is an early event and might be important during the process of stemness acquisition. In 

addition to OPA1, the expression of MFN2 is increased in CSCs at 4 weeks of culture (Figure 

9 A). Taken together, these data indicate that Panc1 CSCs show increased mitochondrial 

fusion; of note, the higher expression of short isoforms of OPA1 in CSCs than parental cells. 
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Figure 7. Panc1 CSCs show elongated mitochondria. Representative confocal images of 
mitochondria stained with Mitotracker green (green signal) and nucleus stained with DAPI (blue 
signal) in parental cells and cancer stem cells at 63X magnification. 

 
Figure 8. Expression of genes involved in mitochondrial dynamics in Panc1 cells cultured in the 
stem-specific medium for 2-,4-, and 8-weeks. Real-time PCR analysis of relative mRNA expression 
levels of genes involved in mitochondrial fusion (OPA1, MFN1, and MFN2) and mitochondrial 
fission (DRP1 and FIS1) in P cells and CSCs. Levels are normalized to SDHA. The Values are 
reported as fold change relative to P cells. Histogram legends: white: P cells; light grey: CSCs 2 
weeks; dark grey: CSCs 4 weeks; black: CSCs 8 weeks. Bars indicate the mean ± SEM of the 
indicated samples. Statistical legends: Parental vs CSCs = * p < 0.05. 
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Figure 9. Mitochondrial fusion is enhanced in Panc11 CSCs. (A) Left panel, representative 
immunoblots of the expression of proteins regulating mitochondrial dynamics for parental cells and 
CSCs; right panel, densitometry analysis average of three different biological samples of the total 
amount of proteins. Ponceau Stain and tubulin are shown as loading controls. The ratio of the 
densitometry analysis of (B) phosphorylation of DRP1 (Ser616)/total DRP1 and (C) short/long OPA1 
isoforms. (D) Representative immunoblot of the expression of OPA1 in Panc1 cells grown in 
differentiated-cell medium (DM) and stem-specific medium (SsM) for 1, 2, and 8 days. Ponceau stain 
is shown as the loading control. The values are reported as fold change relative to P cells. Histogram 
legends: white: P cells; light grey: CSCs 2 weeks (2W); dark grey: CSCs 4 weeks (4W); black: CSCs 
8 weeks (8W). Bars indicate the mean ± SEM of the indicated samples. Statistical legends: Parental 
vs CSCs = * p < 0.05, ** p < 0.01, ***p<0.001; 2W CSCs vs CSCs= # p < 0.05 

 



45 
 

7.3. OPA1 modulates the tumorsphere formation 

Considering the overexpression of OPA1 in CSCs, next we studied the role of this protein in 

tumorsphere formation in the Panc1 cell line by silencing OPA1 with siRNA. Real-time PCR 

and immunoblotting were used to analyze the efficiency of OPA1 silencing (Figure 10 A). 

Roughly, the reduction of OPA1 was 80% and 60% at mRNA and protein levels, respectively. 

To study the role of OPA1 in the determination of stemness, we analyzed the tumorsphere 

forming ability: we seeded transfected cells in SsM and measured sphere size after 8 days of 

incubation in standard conditions. Figure 10 B shows that sphere size is significantly reduced 

to more than 50% in siOPA cells compared with control cells. To further investigate the effect 

of OPA1 silencing on stemness, we assessed the expression of some key stem markers using 

real-time PCR (Figure 10 C). A significant decrease in the expression of OCT3/4 was observed 

in siOPA cells compared with that in the control cells. Conversely, the expression of CDH1, 

which decreases during EMT, is significantly higher in siOPA1 cells relative to control cells. 

The expression of the other stem markers remained unaltered after OPA1 silencing. 

Interestingly, the levels of OPA1 mRNA are maintained successfully decreased in Panc1 CSCs 

after 10 days of incubation in SsM using the siRNA method (Figure 10 C). These results 

indicate that OPA1 modulates the tumorsphere formation, likely through a possible role in 

EMT. 



46 
 

 
Figure 10. Knockdown of OPA1 reduces sphere formation in Panc1 cells. (A) Protein and mRNA 
expression levels of OPA1 after its silencing in Panc1 parental cells: the left panel depicts a 
representative immunoblot against OPA1 in Panc1 cells after 72 hours of transfection using siRNA 
OPA1. Whereas the right panel shows the mRNA expression levels of OPA1 in Panc1 cells after 48 
hours of transfection using siRNA OPA1. (B) After 48 of transfection with siRNA OPA1, Panc1 
cells were seeded in non-adherent Nunclon Sphera 96-well plates for 8 days. The left panel is bright 
field microscopy images of spheres in control and silenced cells and the right panel is the 
quantification of the sphere size. Scale bar 100 μm.  (c) QPCR analysis of relative mRNA expression 
levels of key EMT/stemness genes in Panc1 cells transfected with siRNA OPA1 and grown in the 
stem-specific medium for 10 days. mRNA OPA1 expression was also quantified. Levels are 
normalized to SDHA. Histogram legends: light grey: control siRNA cells; dark grey: siRNA OPA1 
cells. The Values are reported as fold change relative to control siRNA cells. Statistical legends: 
control siRNA cells vs siRNA OPA1 cells = * p < 0.05, ** p < 0.01, ***p<0.001 
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7.4. Panc1 CSCs show altered mitochondrial respiratory complex activity 

The increase of mitochondrial mass in CSCs prompted us to investigate the mitochondrial 

function in these cells, particularly the expression of proteins involved in the electron transport 

chain that have recently been proposed as possible therapeutical targets in refractory cancers, 

such as PDAC [73,133]. The immunoblotting and the relative densitometric analysis of the 

subunits that constitute OXPHOS machinery show a significant increase of complex II (CII), 

III (CIII), and IV (CIV) at protein levels in CSCs relative to parental cells (Figure 11 A). 

However, as above described, CSCs show a higher amount of mitochondria, thus we 

normalized the expression of the complexes on the expression levels of TOMM20. Indeed, the 

densitometric quantification normalized on TOMM20 levels shows that, despite CSCs present 

a higher mitochondrial mass, the expression of the OXPHOS complexes is similar to that of 

the parental cells (Figure 11 B). On the other side, the expression of ATPase inhibitor factor 

(IF1), a physiological inhibitor of mitochondrial ATP synthase, is significantly increased in 

CSCs compared to parental cells, notably in CSCs at 8 weeks (Figure 11 C). In order to analyze 

whether OXPHOS complexes in CSCs have altered functionality, we investigated the activity 

of the respiratory complexes II and IV by spectrophotometric assays (Figure 11 D). A 

significantly decreased activity for both complexes is observed in CSCs at 2 weeks compared 

to parental and other CSCs. At the next step of de-differentiation, i.e. CSCs at 4 weeks, there 

is a marked increase in these activities, whereas CSCs at 8 weeks of culture show a trend of 

decrease of CIV in comparison to the previous time point. In addition to the analysis of CII and 

CIV, we also analyzed citrate synthase activity as an internal control and, in line with our 

previous published data [35], its activity is increased at 4 weeks of culture and decreased at 8 

weeks. Taken together, these data confirm the previous observations regarding the metabolic 

plasticity of these cells during the epithelial-mesenchymal transition and the acquisition of 

stemness [35]. 
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Figure 11. Panc1 CSCs show altered mitochondrial respiratory complex activity. (A)  
Representative immunoblots of three different biological samples of the expression of mitochondrial 
respiratory proteins from complex I (NDUFA9), complex II (SDHB), complex III (core2), complex 
IV (MTCO1), complex V (ATP5A). Ponceau Stain, tubulin, and TOMM20 are shown as loading 
controls. (B) Densitometric quantification of mitochondrial respiratory proteins normalized to 
tubulin. (C) Densitometric quantification of mitochondrial respiratory proteins normalized to 
TOMM20. (D) Representative immunoblot of ATPase inhibitory factor 1 (IF1) and densitometric 
quantification (histogram) of three different biological replicates of IF1 expression. Tubulin is shown 
as a loading control. (E) The histograms show the enzymatic activity of the complex II, complex IV, 
and citrate synthase of three different biological replicates by spectrophotometry. The values are 
reported as fold change relative to P cells. Histogram legends: white: P cells; light grey: CSCs 2 
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weeks; dark grey: CSCs 4 weeks; black: CSCs 8 weeks. Bars indicate the mean ± SEM of different 
experiments as indicated. Statistical legends: Parental vs CSCs = * p < 0.05, ** p < 0.01, ***p<0.001; 
2W CSCs vs CSCs= # p < 0.05, # # p < 0.01 

7.5. Panc1 CSCs have a reorganization of OXPHOS Complexes 

Because changes in mitochondrial respiratory activity might also be linked to the assembly of 

OXPHOS complexes into structures called supercomplexes, we carried out a comparative 

analysis of supercomplex (SC) formation in mitochondria-enriched samples of parental cells 

and CSCs by blue native gel electrophoresis (BNGE). One-dimension (1D)-BNGE revealed 

that CIII and CIV are mainly found in their monomeric form, with the remainder spread 

between SC+CIII, and SC+CIV supercomplexes (Figure 12 A). The quantitative analysis of 

the blots shows that CSCs at 4 and 8 weeks exhibit a significantly decreased formation of 

supercomplexes containing CIII in comparison to the parental cells (Figure 12 A, lower part). 

Interestingly, between CSCs, the group of CSCs at 4 weeks of culture show the lowest 

abundance of CIV-containing supercomplexes. No significant differences were found in CI-

containing supercomplexes, whereas CV and CII did not participate in mitochondrial 

supercomplex formation, as reported by other authors [66]. The levels of free complexes are 

higher in CSCs than in parental cells; this increase for CIII and CIV is marked in CSCs at 

medium- and long-time cultures (4 and 8 weeks, respectively) (Figure 12 A, lower part). Next, 

the supramolecular assemblies that are present during 1D-BNGE were dissociated into the 

individual complex subunits by 2D-BNGE and detected with an OXPHOS antibody cocktail. 

Typical results from each sample type are shown in Figure 12 B. Complex V is visible only in 

a monomeric state in parental cells, whereas CSCs show different oligomeric states of complex 

V that likely correspond to dimeric forms (see red rows). Taken together, the findings 

demonstrate that the abundance and composition of respiratory supercomplexes are 

substantially changed in CSCs compared to parental cells, suggesting a possible role of these 

structures to maintain the metabolic requirements during the program of dedifferentiation.    
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Figure 12. Panc1 CSCs show an increased amount of mitochondrial respiratory 
supercomplexes (SCs). (A) one-dimensional blue native gel (1D-BNGE) characterization of 
mitochondrial supercomplexes in Panc1 parental and CSCs. The upper panel depicts representative 
BN-immunoblots using antibodies against the indicated subunits of the OXPHOS complexes. The 
migration of SC+CI (NDUFA9); CII (SDHB); SC+CIII, CIII2 + CIV, and CIII (Core 2); SC+CIV 
and CIV (MTCO1); CV (ATP5A) are indicated. Coomassie-stained gel is shown as the loading 
control. The lower panels show the histograms with the densitometric analysis of supercomplexes 
containing CIII and CIV. The values are reported as percentages. Histogram legends: white: P cells; 
light grey: CSCs 2 weeks (2W); dark grey: CSCs 4 weeks (4W); black: CSCs 8 weeks (8W). Bars 
indicate the mean ± SEM of different experiments as indicated. Statistical legends: Parental vs CSCs 
= * p < 0.05; 2W CSCs vs CSCs= # p < 0.05. (B) Samples of parental and CSCs were run on a 2D-
BNGE and immunodetected with the indicated antibodies. Red arrows point the dimeric form of ATP 
synthase. 
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7.6. Pancreatic CSCs have increased reactive oxygen species production 

The reorganization of OXPHOS complexes is also involved in the generation of reactive 

oxygen species that are important signaling molecules during the acquisition of stem-like 

phenotype. In fact, the major sites for ROS production in normal metabolism are the CI and 

CIII of the mitochondrial electron transport chain. Therefore, total ROS levels were measured 

in parental cells and CSCs using DCFH-DA fluorescent probe. The ROS levels are 

significantly higher in all CSCs compared to the parental cells (Figure 13 A). However, it is 

noteworthy that among CSCs, the ones at 8 weeks of culture show significant lower levels in 

comparison to CSCs at 2 weeks. This finding suggests that CSCs increase the ROS production 

during the early stages of dedifferentiation, but once they accomplish the quiescent state, ROS 

levels begin to decline. As an increase of ROS generation also implies the regulation of the 

different proteins to respond to oxidative stress, the expression of the genes involved in 

antioxidant response was evaluated by real-time PCR. As expected, the results in the Figure 13 

B indicate that mRNA expression levels of mitochondrial antioxidant manganese superoxide 

dismutase (MnSOD), peroxidase (POX), and glutathione peroxidase (GPX) are significantly 

higher in CSCs than parental cells. In contrast, the mRNA levels of cytosolic copper-zinc 

superoxide dismutase (CuZnSOD) and catalase are significantly decreased in CSCs relative to 

parental cells. The decrease of catalase level was further confirmed at the protein level by 

immunoblotting (Figure 13 C). Altogether, these results demonstrate that CSCs have an overall 

increase of ROS production accompanied by overexpression of antioxidant genes, excepting 

catalase and CuZnSOD. Of note, the marked reduction of the catalase expression in CSCs 

suggests that maintaining the levels of H2O2 could be necessary to support the stemness at all 

three CSCs time-points.  
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Figure 13. Panc1 CSCs have increased reactive oxygen species production. (A) Histograms show 
ROS production in parental (P) cells and CSCs measured by DCFH-DA assay. (B) Real-time PCR 
analysis of relative mRNA expression levels of genes involved in ROS response (MnSOD, 
CuZnSOD, POX, GPX, and CAT) in P cells and CSCs. Levels are normalized to SDHA. (C) 
Representative immunoblot of catalase and densitometric quantification (histogram) of three 
different biological replicates of catalase expression. Tubulin was used as the loading control. The 
values are reported as fold change relative to P cells. Histogram legends: white: P cells; light grey: 
CSCs 2 weeks; dark grey: CSCs 4 weeks; black: CSCs 8 weeks. Bars indicate the mean ± SEM of 
the indicated samples. Statistical legends: Parental vs CSCs = * p < 0.05, ** p < 0.01, ***p<0.001; 
2W CSCs vs CSCs= # p < 0.05. 

 



53 
 

7.7. IF1 supports the stem features of PDAC CSCs  

As previously shown in Figure 11 C, the levels of the ATPase inhibitor factor IF1 are 

significantly higher in CSCs compared to parental cells. However, the biological function of 

this protein in the acquisition of stemness in cancer cells is currently unknown. To evaluate the 

role of IF1 in pancreatic CSCs, we used the siRNA strategy to transiently silence this protein 

in the Panc1 cell line. The knockdown efficacy was assessed by real-time PCR and 

immunoblotting (Figure 14 A and B), showing that IF1 was reduced at mRNA level by 80%. 

Our first approach was to identify whether the viability of parental Panc1 cells was influenced 

by the silencing of this protein. As shown in Figure 14 C-E, IF1 knockdown does not cause 

any significant change in the viability, apoptosis, and cellular proliferation in parental Panc1 

compared to control siRNA cells.  

 

Figure 14. Knockdown IF1 does not affect the viability of Panc1 cells. The knockdown of IF1 was 
confirmed using immunoblotting and real-time PCR. (A) Representative immunoblot against IF1 in 
Panc1 cells after 72 hours of transfection using IF1 siRNA at two different concentrations. (b) mRNA 
expression levels of IF1 in Panc1 cells after 48 hours of transfection using IF1 siRNA at two different 
concentrations. (C) Cell viability in control cells and IF1 siRNA cells was assessed by crystal violet 
after 48 hours of transfection. (D) Cell death quantification by flow cytometry using annexing V 
staining after 48 hours of transfection. (E) Cellular proliferation in control cells and IF1 siRNA cells 
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was assessed by the incorporation of the CellTraceTM Far Red probe after 24h and 48h of transfection. 
Histograms show the results of three different biological replicates 

Considering the overexpression of IF1 in CSCs, we further tested whether IF1 could affect the 

tumorsphere forming ability: we seeded transfected cells in SsM and measured the sphere size 

after 8 days of incubation in standard conditions. Interestingly, the IF1 protein remained 

silenced even after cells were grown in SsM for 10 days (Figure 15 A).  As shown in Figure 

15 B, the sphere area is significantly reduced by approximately 50% in siIF1 cells when 

compared to control cells. In order to find an explanation for this drastic reduction in 

tumorsphere formation, we assessed the expression of some key stem markers using real-time 

PCR (Figure 15 C). A significant decrease in the mRNA expression of OCT3/4 and SOX2 is 

observed in siIF1 cells compared to control cells, whereas the expression of CDH1 is 

significantly higher in siIF1 cells than control cells. The expression of the other stem markers 

remained unaltered after IF1 silencing (Figure 15 C). These results indicate for the first time 

that IF1 knockdown affects the tumorsphere formation in pancreatic CSCs, likely through 

modulation of the EMT program and energy metabolism.  

 

Figure 15. Knockdown of IF1 reduces sphere formation in Panc1 cells. (A) Protein expression levels 
of IF1 after its silencing in Panc1 parental cells after 48 of transfection in differentiated medium (DM) 
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and after 10 days in stem-specific medium (SsM) using IF1 siRNA. (B) After 48 hours of transfection 
with IF1 siRNA, Panc1 cells were seeded in non-adherent Nunclon Sphera 96-well plates for 8 days. 
The left panel is bright field microscopy images of spheres in control and silenced cells and the right 
panel is the quantification of the sphere size. Scale bar 100 μm. (C) qPCR analysis of relative mRNA 
expression levels of key EMT/stemness genes in Panc1 cells transfected with IF1 siRNA and grown in 
the stem-specific medium for 10 days. IF1 mRNA expression was also quantified. Levels are 
normalized to SDHA. Histogram legends: light grey: control siRNA cells; dark grey: IF1 siRNA cells. 
The Values are reported as fold change relative to control siRNA cells. Statistical legends: control 
siRNA cells vs IF1 siRNA cells = * p < 0.05, ** p < 0.01, ***p<0.001. 

7.8. Lomerizine inhibits cellular proliferation and sphere formation in Panc1 cells 

Based on our findings about the increase of mitochondrial mass in pancreatic cancer stem cells, 

we hypothesized that inhibition of mitochondrial respiration could be a therapeutic strategy to 

eliminate CSCs. Recently, Nuevo-Tapioles et al. reported a group of FDA-approved 

compounds as potent inhibitors of mitochondrial respiration in colon cancer cells [127]. As a 

first approach, we evaluated the effect of seven of these compounds (sulfameter, butoconazole, 

glyburide, lomerizine, cimetidine, crystal violet, and telaprevir) on cell viability of Panc1 cells. 

As shown in Figure 16, six of these compounds inhibit the cell viability of Panc1 cells after 48 

hours of treatment. However, lomerizine, butoconazole, and crystal violet are the most 

effective in reducing the cell viability at low concentrations compared to cells treated with 

dimethyl sulfoxide (the vehicle). Butocanozole is an imidazole antifungal used against Candida 

spp. infections and it is only administered as a vaginal cream. Crystal violet is a triarylmethane 

dye used as a histological stain and it has antibacterial and antifungal properties; nevertheless, 

numerous studies discouraged the use of this compound for medical purposes because of its 

high carcinogenic potential [134]. Meanwhile, lomerizine is a calcium channel blocker widely 

used for the treatment of glaucoma and migraine. Hence, of these three compounds that affect 

cell viability and based on drug repurposing strategy, we focused on lomerizine for further in-

depth study on pancreatic CSCs because it is already used in human therapy with acceptable 

known side effects.  
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Figure 16. Effect of mitochondrial respiration inhibitors on the viability of Panc1 parental cells. 
Panc1 cells were treated with FDA-approved drugs at three different concentrations (1,10, and 50 
μM) or the vehicle (dimethyl sulfoxide). The cell viability was determined by spectrophotometry 
using the crystal violet assay after 48 hours of treatment. The histogram shows the mean ± SEM of 
three different biological replicates. Statistical legends: control vs treated cells = * p < 0.05, ** p < 
0.01, ***p<0.001. 

Parental cells, CSCs at different time points, and fibroblasts were treated with increasing 

concentrations of lomerizine (at 5, 10, 15, 25, and 50 μM) for 48 hours and cell viability was 

assessed. Cell viability curves reveal an IC50 of ~13 and ~11 μM in parental and CSCs, 

respectively (Figure 17 A). The statistical analysis shows that CSCs are significantly more 

sensitive than parental cells (p<0.05), but no significant differences were found between CSCs 

cultured at different time points. Remarkably, only concentrations of lomerizine above 25 μM 

affected the cell viability of fibroblasts, in line with the observation that at the dose 

corresponding to cancer cell IC50 this drug does not show toxicity in normal cells (Figure 17 

A). For cellular proliferation, Panc1 cells were seeded at 50% of confluence and treated with 

15 μM lomerizine for 24 and 48 hours. The analysis of proliferation by flow cytometry shows 

that lomerizine significantly reduces the cellular proliferation of Panc1 cells compared to 

DMSO control (Figure 17 B). To study the effect of lomerizine on sphere formation, Panc1 

cells were seeded to form a sphere and then treated with lomerizine at 5 and 10 μM. Next, the 

sphere area was measured after 8 days of incubation in standard conditions. Figure 17 C shows 

that sphere size is significantly reduced by 60% in cells treated with 5 μM lomerizine compared 

to cells treated with the vehicle (DMSO). Most interestingly, lomerizine at 10 μM completely 

abolishes the sphere formation. Taken together, the sum of these data indicates that lomerizine 

inhibits cellular proliferation and sphere formation in Panc1 cells.  
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Figure 17. Lomerizine inhibits cellular proliferation and sphere formation in Panc1 cells. (A) 
Fibroblasts, Panc1 parental cells, and CSCs were treated with increasing concentrations of lomerizine 
for 48 hours and then cell viability was measured using the OZBlue kit. The line chart shows the 
mean ± SEM of three different biological replicates. Statistical legends: parental cells vs CSCs = * p 
< 0.05, ** p < 0.01. (B) Cellular proliferation was assessed in Panc1 parental cells by the 
incorporation of the CellTraceTM Far Red probe after 24 and 48 hours of treatment with 15 μM 
lomerizine. (C) Panc1 cells were seeded in non-adherent Nunclon Sphera 96-well plates and treated 
with 15 μM lomerizine for 8 days. The upper panel is bright field microscopy images of spheres in 
control and treated cells and the lower panel is the quantification of the sphere size. Scale bar 100 
μm. The histograms show the mean ± SEM of three different biological replicates. Statistical legends: 
control (DMSO) vs treated cells = * p < 0.05, ** p < 0.01. N.D = not determined. 
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8. DISCUSSION 

Cancer stem cells (CSCs) are considered primarily responsible for the aggressiveness of 

pancreatic ductal adenocarcinoma and relapse after chemotherapy [135]. Thus, the 

identification of the main features of these cells as possible therapeutical targets is crucial to 

eliminate the tumor by the root. Considering that CSCs have different grades of differentiation 

and metabolic profiles within the tumor, some authors have proposed the mitochondrion as a 

key player in metabolic plasticity and drug resistance profile [60,136]. With this idea in mind, 

numerous studies have been performed to elucidate the role of mitochondria in cancer 

metabolism; however, the precise mechanisms underlying the alterations of mitochondria in 

CSCs remain controversial [34,50,137]. One of the main issues is the method of isolation or 

obtainment of CSCs. Indeed, the isolation of CSCs from primary tumors based on the 

expression of stem markers represents a big challenge because these cells quickly return to 

their heterogeneity present in the tumor within a few days of culture and, more importantly, 

the use of specific surface markers would select only a subpopulation of CSCs that is not always 

representative of the whole tumor heterogeneity. This has led other authors to study the 

characteristics of CSCs in short-term culture; however, it has been shown that this stem cell 

model does not necessarily reflect the metabolic plasticity and quiescence-like state associated 

with CSCs phenotypes [34,35]. For these reasons, we decided to study the mitochondrial 

function in an in vitro model of CSCs derived from Panc1 cell line cultured in a stem-specific 

medium (SsM) at three different time points, short-term (2 weeks), medium-term (4 weeks), 

and long-term (8 weeks) [35]. In this model, CSCs at three-time points show a significantly 

high expression of stem and EMT markers, although long-term culture cells show the highest 

grade of stemness. During the process of de-differentiation, these cells switch from a glycolytic 

to an oxidative metabolism to finally reduce their metabolism to gain a quiescent state [35].  

In the present work, we show that Panc1 CSCs, regardless of the culture term, increase 

mitochondrial mass and the expression of genes involved in mitochondrial biogenesis in 

comparison to parental cells. These findings are consistent with previous studies in which CSCs 

from different tumor types exhibited enhanced mitochondrial mass [138–140]. Increased 

mitochondrial biogenesis is commonly associated with a higher tumorigenic rate, anchorage-

independent survival, and evasion of chemotherapy [140]. Given the differences in 

mitochondrial mass in CSCs, we focused our attention on the expression of proteins involved 

in mitochondrial dynamics, a process that regulates mitochondrial number, size, and 

distribution within the cytoplasm [62]. CSCs show an increase in mitochondria elongation with 
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respect to parental cells. In line with this, CSCs display a decreased phosphorylation of DRP1 

on Ser616 and an increased expression of OPA1. The expression of any OPA1 isoform is 

crucial to preserve the supra-molecular organization of respiratory complexes, as well as to 

maintain the level of mtDNA content [97]. Interestingly, the electrophoretic profile of OPA1 

revealed an increase in S-isoforms and a decrease in L-isoforms in CSCs compared to parental 

cells, and it is more evident in CSCs at 2 and 4 weeks. In the literature it has been reported that 

the S-isoforms support a more efficient energy preservation and regulate the metabolic shift 

from glycolysis to mitochondrial respiration in human fibroblasts [96,141]. Thus, the higher 

presence of short-OPA1 in CSCs in comparison to parental cells might support the previously 

described metabolic plasticity of these cells [35]. In addition, OPA1 knockdown reduces the 

tumorsphere size and affects the expression of OCT3/4, a key stem marker. Despite the effect 

of OPA1 silencing on stemness appears crucial, other authors have reported that CSCs 

exhibited highly fragmented mitochondria mediated by DRP1 activation [142,143]. These 

differences are possibly due to the fact that in these studies CSCs were grown in different 

medium conditions and for a short period of culture. In fact, our findings call into question the 

effectiveness of using DRP1 inhibitors as therapeutics agents to eliminate pancreatic CSCs, 

considering that during the process of stemness acquisition these cells could present an 

oxidative phenotype [34,35,50], which is favored by mitochondrial fusion [97]. On the 

contrary, our results lead us to propose the inhibition of OPA1 as a possible therapeutic target 

to reduce mitochondrial fusion in CSCs, and eventually disturbed their oxidative metabolism. 

Indeed, some authors have recently shown the crucial role of OPA1 in tumor cell metabolism 

[144] and angiogenesis [116].  

Although it has been reported that several CSCs present metabolic plasticity, mainly relying 

on mitochondrial OXPHOS for energy production, the role of mitochondrial respiratory 

complexes and their assembly in this metabolic adaptation remains unexplored. Our study 

shows that the expression of the ETC complexes I-IV at protein levels does not change 

significantly in CSCs in comparison to parental cells, instead, the activity of complex II and 

IV is changed in CSCs. Interestingly, CSCs at 2 weeks show the lowest enzymatic activity of 

complex II and IV, supporting that short-term CSCs prefer a glycolytic metabolism, as has 

been reported by Ambrosini et al. [35]. Consistently, the increased activity of these two 

complexes in CSCs 4 weeks and their decrease at 8 weeks of culture, further corroborate our 

previous findings in which we showed that, at an intermediate dedifferentiation process, CSCs 

increase their oxidative capacity, whereas when cells acquire the highest stemness grade they 
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decrease the metabolic requests and enter in a quiescent state [35]. The analysis of the 

supercomplexes assembly evidences that these structures are markedly decreased in CSCs at 4 

and 8 weeks relative to parental cells. Regarding CV, the 2D-BNGE reveals that CSCs present 

the formation of ATP synthase dimers whereas these structures are absent in parental cells. The 

formation of ATP synthase dimers is also favored by the expression of mitochondrial ATPase 

inhibitory factor 1 (IF1) [145]. It has been shown that the oligomycin-sensitive respiration, 

which provides a measure of the ATP synthetic activity of the enzyme, is significantly reduced 

when the cells overexpress IF1 [126]. To our surprise, the expression of IF1 was significatively 

increased in CSCs relative to parental cells, particularly in CSCs at 8 weeks. The 

overexpression of this factor in CSCs at 8 weeks could partly explain the low ATP-linked 

respiration reported in these cells by Ambrosini et al [35]. Although the role of IF1 has been 

widely studied in the metabolism of differentiated cancer cells [146], interestingly there are no 

studies exploring the function of IF1 in pancreatic CSCs. Remarkably in our study, IF1 

knockdown reduces the tumorsphere area and affects the expression of OCT3/4, a key stem 

marker, whereas it increases the expression of CDH1, a key gene involved in the EMT program. 

In agreement with our results, other authors have reported that IF1 knockdown in hepatic cell 

lines decreased the colony formation and migratory capacity, suggesting a possible role of this 

protein in EMT [147]. These results lead us to hypothesize that IF1 could be a link between 

reprogramming of energy metabolism and stemness acquisition; however, further studies are 

needed to understand if this protein has any potential as a new therapeutic target for the 

treatment of pancreatic cancer.   

Under physiological conditions, the mitochondrial electron transport chain is the primary 

source of ROS, which promote cell proliferation and cell survival. However, excess of ROS 

can cause cell damage and induce apoptosis [148]. Therefore, it is fundamental for the cells to 

balance ROS production through regulating antioxidant systems. Regarding CSCs, it is 

expected that like normal cells, low levels of ROS could contribute to their self-renewal 

capacity and resistance to conventional chemotherapy [148]. In fact, CSCs in some breast and 

gastrointestinal tumors have lower ROS levels than differentiated cancer cells, but it is not clear 

if these lower ROS are because of less ROS generation or increased ROS scavenging systems 

[79,148]. In contrast with this assumption, our results show that ROS levels are significantly 

increased in pancreatic CSCs compared to parental cells. Importantly, CSCs at 8 weeks 

exhibited the lowest ROS levels between CSCs, suggesting that in our system ROS might act 

as a motive force during the first stages of dedifferentiation (2- and 4 weeks) and once CSCs 
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accomplish the quiescent state (8 weeks) the ROS levels begin to decline. A quiescent state has 

been always associated with lower ROS levels in both normal stem cells and CSCs [149]. Other 

studies have observed that enhanced production of ROS is fundamental during anchorage-

independent growth, an important property of CSCs. But at the same time, this increase in ROS 

levels triggers different metabolic and antioxidant responses in order to reduce mitochondrial 

damage [80]. No surprisingly, our results reveal that mRNA expression levels of different 

antioxidant genes such as MnSOD, POX, IDH1, and GPX are increased in CSCs. On the other 

side, the expression of catalase, the enzyme that metabolizes H2O2, is significantly decreased 

in CSCs compared to parental cells. Thus, we hypothesized that hydrogen peroxide levels could 

play an important role during the process of dedifferentiation and stemness acquisition. 

However, further studies should be performed to understand if a decreased expression of 

catalase renders the CSCs more sensitive to oxidative stress. 

As mentioned above, our findings of increased mitochondrial mass in pancreatic cancer stem 

cells led us to think that mitochondrial metabolism could provide a promising specific target 

to eliminate CSCs. Currently, drug repurposing offers a valuable approach to accelerate the 

development of anticancer therapies and reduce the cost burden of cancer treatments. With this 

idea in mind, we screened seven compounds from an FDA-approved library that trigger 

inhibition of mitochondrial respiration in different cancer cell lines [127]. We found that three 

of these compounds e.g., lomerizine, butoconazole, and crystal violet exhibit potent anticancer 

activity against pancreatic cancer cells. Lomerizine is a calcium channel blocker widely used 

for migraine headaches, glaucoma, and nerve injury; however, there have been no studies to 

investigate the effect of lomerizine in pancreatic cancer. Based on drug repurposing and 

relative safety for humans, we focused on lomerizine for further in-depth study on Panc1 

parental and CSCs. We show that lomerizine suppresses cell growth in both parental and CSCs, 

being significantly more toxic in CSCs compared to parental cells. Remarkably, the cytotoxic 

effects of lomerizine on fibroblasts are only evident at high concentrations, emphasizing its 

low toxicity in normal cells. Similar results were reported in colorectal cancer cells, where 

lomerizine inhibited cell proliferation through the PI3K/AKT/mTOR signaling pathway [150]. 

Furthermore, our data demonstrate that lomerizine significantly inhibits the sphere formation 

of Panc1 CSCs. However, it remains to be established whether the exact mechanism by which 

lomerizine inhibits CSC formation is related to the mitochondrial function or calcium 

homeostasis. Recently, Heejin Lee et al, reported that calcium channel inhibitors significantly 

decreased the expression of stem markers in ovarian CSCs. Furthermore, a synergistic effect 
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of these inhibitors with cisplatin was demonstrated in inhibiting the viability and proliferation 

of CSC [151]. Altogether, these results point out that lomerizine is a promising compound to 

be repurposed as a potential antitumor drug alone or in combined therapy. 
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9. CONCLUSION 

Pancreatic ductal adenocarcinoma is a highly lethal neoplasia and the currently used 

therapeutic approaches are not effective in a wide range of patients. Currently, the evidence 

points out that cancer stem cells are key players during tumor development, metastasis, 

chemoresistance, and tumor relapse. Thus, there is a need to deeply study the biological 

features of pancreatic CSCs in order to identify new possible therapeutic targets and ultimately 

improve the patient survival. Due to the importance in the regulation of cellular functions, 

especially metabolic energy, mitochondria may represent important targets to be hit. Despite 

the increasing interest in this aspect, the role of mitochondria in pancreatic CSCs remains 

controversial. In this thesis, we study for the first-time mitochondrial physiology in a long-term 

in vitro model of pancreatic CSCs. Our results show that during progressive de-differentiation, 

CSCs undergo an increased mitochondrial mass, higher ROS generation, and regulation of 

mitochondrial SCs assembly.  We also found that two important proteins, OPA1 and IF1, are 

overexpressed in CSCs and can modulate the tumorsphere formation. Inhibition of these 

proteins could be exploited as promising therapeutic targets to specifically eliminate CSCs. 

Furthermore, we identified that lomerizine, which is a calcium channel blocker, exhibits potent 

anticancer activity, particularly against pancreatic cancer stem cells. Our findings suggest that 

lomerizine could be a promising compound to be repurposed as an effective strategy to improve 

chemotherapy in PDAC patients. As a final comment, more studies are needed to characterize 

the role of mitochondrial in PDAC considering that it may be a key target for the generation of 

new promising therapies and that the exploitation of these therapeutic approaches should 

necessarily avoid secondary effects on normal tissues.  
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